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Defect lattices in some ternary alloys. By H. Lipson and A. Taylor. 
(Communicated by A, J. Bradley^ F.R.8. -Received 9 June 1939.) 

In the Ni-Al system, the solution of A1 m the /?-Ni-Al (body-centred cubic)structure 
has been shown to be accompanied by an omission of Ni atoms from some of the 
lattice pomts. A study of the Cu-Ni*Al systoin shows that tho omission of atoms 
begins at a lino of constant ratio of valency electrons to atoms, and this is supported 
by ovidenco from the systems Fo-Uu-Al and Fo-Ni-Al. 

Tliese results may be explained by tho accommodation of electrons in the Brillouin 
zone. If the electrons fill the zone to a given energy lovol (which, in this case, is very 
near to the inscribed sphere of the zone), then the numbor of electrons per unit cell 
should bo constant. It is shown that tliis is so for thc^ Ni-Al system, but it is not true 
for the Cu-Nfi-Al system, the number of electrons m tho zone increasing as Cu is 
added. It is presumed that tlio energy relationships are aifected by the atomic size 
factor, Cu being a larger atom than Ni. 


The magnetic susceptibility of nickel chloride. By H. R. Nettleton and 
8. SuODEN, P.R.S. (Received 10 June 1939.) 

A solution of nickel chloride appears to be very suitable as a standard for magnetic 
measurements since the nickel content can be accurately determined by standard 
anal3rtical methods and the molar susceptibility is independent of dilution. A now 
detemAination of the molar suscejitibility has been made using null methods to de- 
teneniue the field in the gap of a specially designed magnet followed by measuroments 
of the susceptibility of carefully analysed nickel chloride solutions by the Gouy 
method. 
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The mean vedue found ^ good agreement with that of earlier 

workere, viz, 4448 (Weise and Brains 1915 ), 4428 (Brant 1921 ). These earlier determi¬ 
nations wore made by different physical methods so that the susceptibility of nickel 
chloride is now known with considerable accuracy, 

A brief discussion is appended on the use of solutions of nickel chloride to calibrate 
vessels for measuring magnetic susceptibilities. 


Shower production by penetrating cosmic rays. By A. C. B, LovELti. 
{Communicated by P. Jf. 8, Blackett, FM»S.—Received 12 June 1939.) 

A counter-controlled cloud chamber lias been used to investigate cosmic ray 
showers under thick layers of lead. 6800 photographs, containing 463 electronic 
showers of not less than five particles, have been taken in a magnetic field of 760 gauss. 

An analysis of the evidence and probabilities for various possible processes of 
shower production is carried out, and it is shown that the showers observed can bo 
acootmted for as cascade showers, produced by an electron which has been knocked 
on in a direct collision with a mesotron. It is unnecessary to assume the occurrence of 
other processes of appreciable cross-section. 

Due to the influence of the incident energy spectrum of mesotrons, the majority of 
large showers are produced os fluctuations, and in general, the lowest mesotron energy 
which is able to produce a shower of N particles is only slightly lower than the most 
probable energy for tho production of such a shower. 

A search has been made to find showem, or single secondary particles, produced by 
neutral particles in cosmic radiation, with negative results. 


The lamellar structure of potash-soda felspars. By 8. H. Chao and 
W. H. Tayloe. {Communicated by W. L. Bragg, F.B,S, — Received 13 
June 1939.) 

A previous general survey of orthoclase-microperthites suggested the existence of 
different types of lamellar structure according as the proportion of soda felspar is less 
than or greater than 30 % approximately. A new and more detailed examination 
oonfimis this, and suggests that the low-soda struoture comprises monoolinio potash 
felspar witli triolinic soda felspar lamellae in the mutual orientation oharaoteristio of 
perioline twins, while the high-aoda structure comprises monoolinio potash felspar 
with triclinic soda felspar lamellae oriented in aooordanoe with the albite twin-law. 
The constitution of the soda felspar and tho bearing of the new data on the general 
theory of microperthitio structures are discussed. 

An examination of a Korean moonstone, apparently identical with material in 
which Ito claims to have established the existence of monocUnic soda felspar, reveals a 
lamellar structure of the low-soda type described above. Ito’s results are discussed. 
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$elf«coaalstent field with exchange for carbon. By A. Juoys, (Communi¬ 
cated by D. iZ. Hartree^ F.R.8.—Received 14 June 1939.) 

SolutioDB of Fock’s equations for the self-consistent field with exchange have been 
carried out for the normal states of C+* and and for all throe configurations 
(*P, and ^S) arising from the normal configuration of neutral 0 . 

For neutral C, the energies of the (2#) (2p) have boon calculated both without 
and with the inclusion of the term arising from the superposition of the ( 2 p)* con¬ 
figuration on the normal ( 2 ^)* ( 2 p)* configuration. 

Tables of wave functions and energies are given. 


On the intensities of electron difiraction rings. By M. Blackman. (Com¬ 
municated by 6 r. P, Thomson^ F.R,S.—Received 14 June 1939.) 

The reflexion of electrons by a tliin film is examined from the point of view of the 
dynamical theory in the Lane cose. The formulae are used to obtain a criterion which 
detonxiines when the scattering is sufficiently stnall to allow the kinematioal theory to 
bo applied; it is found that this theory is not in general applicable to the thin films 
used in work with fast electrons. The total intensity scattered from a film when it is 
turned through its range of reflexion is also found and tho result is used to obtain an 
approximate intensity function showing how tho intensities of tho diffraction rings 
from a polycrystallino film will vary when the scattering is sufficiently large for the 
kinematical theory to be inapplicable. This intensity function is tested by comparing 
it with the experimental intensity function found for copper and silver. It is found 
possible to obtain a good fit with very reasonable assumptions as to the average 
crystal size. 


A mathematical analysis of the distribution in maize of Hetiothis armigera 
(Huebner) [= obso/efaF.]. By Marjoey G. Walker, Ph.I). (Communicated 
by W. R, Thompson, F,R,S.—Received 22 June 1939.) 

The distribution among maize plants of tho eggs of the American boll-worm, 
Htliothis armigera (Huebnor), is discussed and analysed. 

Tho problem is considered in relation to what is known of the connexion between 
the state of development of maize plants and their attractiveness to ovipositing boll- 
worm moths. The actual frequency distribution of the eggs suggests a random, as 
opposed to a uniform, distribution, but it is shown that the conditions required for a 
pure mathematical random distribution cannot be satisfied. Because the maize 
plants differ from one another in absolute degree of attractiveness at any one time, 
and in relative degree of attractiveness with the passing of time, it is not true that 
every jdant has the same chance of receiving any particular egg. 

It is demonstrated that a mathematical theory, which is essontiaUy one of random 
distribution, but which incorporates a modification to allow for the varying degrees 
of attractiveness of the plants, gives a fairly good representation of the egg dis¬ 
tribution found in the field. 
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It is pointed out that the method of mathematical analysis employed is only a 
rough approximation to what it is really intended to express, and that it cannot deal 
ade(iuatoly with the essential difficulty of the problem—the feu5t of the continuous 
change in nature. 

For the further study of problems of animal distribution it is desirable that the 
mathematical theories should be improved. 


A note on the mechanism of boundary lubrication suggested by the static 
friction of esters. By A. Fogg. {Communicated by (7. 0 , Darwin, F,R.8.~ 
Received 22 June 1939.) 

The note gives the results of static friction measurements of steel surfaces lubri¬ 
cated with series of methyl and ethyl esters. The series of ethyl esters was chosen to 
obtain a relation between coefficient of friction and molecular weight, and an un¬ 
expected feature of the relation obtained is a maximum value of coefficient of friction 
at a molecular weight of about 120. » 

A suggested explanation of this phenomenon is given by making certain assump¬ 
tions regarding tlie structure and methoil of attadament of the moleotilf^s to the 
siirfaoe. 

On the basis of these assumptions, the behaviour of a series of inetliyl esters was 
predicted before making tests and the results of the tests subseqiiently carried oiit. 
agree with the forecast. 


The microscopic analysis of intermediate phases in some age-hardening 
alloys. By M. L. V. Gayler. {Communicated by C. H. Deach, F.R,8 .— 
Received 22 June 1939.) 

A microscopic analysis has been carried out at high ageing temperatures on high- 
purity aluminium alloys containing 4 % copper and 4 % copper + 0*6 % magnesium 
and also on on alloy of the duralumin type, but without manganese, containing 4 % 
copper, 0*6% magnesium, 0*3% silicon and 0-1% iron. 

In the 4% copper alloy, plates of the intermediate plmso, a-CuAl^, have been 
observed on (100) planes partly or completely olianged to /y-CuAl». It is deduced, 
therefore, that a-CuAlg is a polymorphic form of /?-CuAlg and is metaatable at tom- 
peratures of ageing below the quenching temperature. 

A second intermediate phase has been identified, during ageing, together with 
a-CuAlj on (100) planes iti the alloy containing 4% copper and 0*6% magnesium. 
This new intermediate phase also differs from another phase observed when the 
alloy of the duralumin type is aged. 
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The particle aspect of meson theory. By N. Kemmrr. (Cmnmumcated by 
8. Chapman, F.R.8.—Received 'Z2June 1939.) 

It is shown that a roformulation of the meson eqtiaiions is helpful in the inter¬ 
pretation of the meson as a looalizod particle. Instead of using the usual tensor 
form, the wave equations are stated as 


0 

BXjt 




where the are operators completely defined by a sot of commutation rules first 
given by Duffin { 1938 ). The theory con be developed in strikingly close correspondence 
to Dirac's electron theory, practically all the definitions of which find their exact 
counterpart, e*g. spin, magnetic moment, etc. Tho algebraic properties of the 
are studied in detail, a comparison with other similar formulations is given and the 
limiting non^relativistic theory is developed. The formalism proves simple to handle 
and is expected to be useful in all calculations primarily concerned with the particle 
aspect of the meson. 


Stress systems in aeolotroplc plates. I. By A. E. Gkekn, and G. I. 
TavIiOR, F.R.S. (Beceived 22 June 1939.) 

Equations which can be used for a system of generalized piano stress in a plate 
whose material has any kind of oeolotropy have been obtained recently by Huber. 
When the material has two directions of symmetry at right angles in the plane of the 
plate the equalaon for the stress function takes a comparatively simple form. In the 
present paper eohi^ions in polar co-ordinates of this equation are obtained which give 
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«ingle-^^alued exprossions for the displacementa, and thaee solutione are applied to 
the problem of an isolated force acting at an internal point of an infinite aeolotropio 
plate. The stress distributions due to such a force acting at a point of certain highly 
aeolotropio materials such os oak and spruce are represented by polar diagrams. 


Stress systems in aeolotroplc plates. 11. By A. E. Gkben. {Gommuni- 
caied by G, /. Taylor^ FM,S.—Received 22 June 1939.) 

In a previous paper by G-1, Taylor and the present writer, generalized plane stress 
systems were examined for infinite oeolotropic plates. In the present paper formulae 
ore obtained for generalized plane stress systems in an infinite aeolotropio strip and 
also in a semi-infinite plate. In particular, a solution is given for the general problem 
of any force acting at any point either within or on the boundary of such plates. 
The stresses due to any distribution of force may be deduced by integration. 

When a force oot-s on the boundary of a semi-infinite plat^e the stresses may bo 
deduced from o\ir general results, but this case is dealt with independently by solving 
the problem of an isolated force at the vertex of a wedge. The method used here 
differs from that used by Michell who was the first to solve this problem. 

The stress distributions due to forces either within or on the boundary of a semi- 
infinite plate are illustrated numerically for a specimen of spnio© wood which is 
highly aeolotropio. 


The equilibrium and stability of thin aeolotroplc plates. By A. E. Green. 

{Communicated by O, /. Taylor, F.R.S,—Meceimd 22 June 1939.) 

An equation is established governing the equilibrium of any thin aeolotropio 
plane plate which is bent by transverse forces and also an equation for the stability 
of any thin aeolotropio plane plate under forces in its plane. The results are obtained 
by an elementary approximate method which is equivalent to that used by Huber 
who was the first to give the equation for the equilibrium of any thin aeolotropio 
plane plate which is bent by transverse forces. Some of the more elementary pro¬ 
blems of equilibrium and stability ora solved. Numerical results are given for the 
stability of thin rectangular sheets of oak and spruce woods when they are acted on 
by edge thrusts, and also for the stability of a rectangular sheet of spruce under 
shearing forces. 


Behaviour of the crystalline structure of brass under slow and rapid 
cyclic stresses. By P. L. Thortk, Engineering Department, and W, 
A, Wood, PhysicAS Department, National Physical Laboratory, Teddington, 
Middlesex, (CommunicMled by G, W, O, Kaye, FM*8.—Received 1 July 
1939.) 

The stress-extension relatioiiships for an annealed brass have been measured for 
static tensile stress and for a symmetrical alternating tension-oomifnession applied 
at a Jrequenoy of 2200 oyo./min., and the mechanical properties indicated by the 
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curves have been studied in relation to the changes in crystalline structure of the 
grains as shown by the X-ray diffraction method. It is shown that the dispersal of 
the grains into widely oriented crystallites, which constitutes the physical charac¬ 
teristic of the ohango at the yield point under ordinary static or slow cyclic stress, 
is entirely suppres8e<l under the sain<j regions of cyclic stress when applied at the high 
frequency, and that, after the cyclic stressing has ceased, this suppression persists 
up to a static load equal to the maximum of the prior stress cycle employed; the 
mechanical measurements indicate a corresponding inhibition of the primitive yield 
point. A further result is obtained by a precise comparison of the dimensions of the 
atomic lattice of specimens subjected to cycles of an unsafe range of stress; these 
show that an appreciable internal strain of the nature of a volume expansion is built 
up in the lattice during the rapid cyclic stressing, and it is considered that it is this 
distortion which is associated with the inhibition of the dispersed crystallite forma¬ 
tion and rise in primitive static yield point. 


A quantitative study of pleochroic haloes. IV. New types of haloes. By 

G. H, Henderson and F. W. Sparks. (Communicated by J, Chadwick, 
F,B,8>—Received 3 July 1939.) 

Four types of haloes, provisionally designated Ay lit C and D are described, three 
of thorn for the first time. These haloes have one, two, three and one rings respectively. 
Measurements of ring radii are given. The mode of occurrence of the haloes is de¬ 
scribed. It is shown that they are firobably due to a particles from certain later 
members of the uranium family, whose lives are exceedingly short on a geological 
time scale. 


A quantitative study of pleochroic haloes. V. The genesis of haloes. By 

G, H. Henderson. (Communicated by J. Chadwicky F,R.8.—Received 
3 July 1939.) 

Six tyi 3 es of pleochroic haloes are discussed in this and the preceding paper, divided 
into two classes “active’’ and “extinct”. To the former class belong uranium and 
thorium haloes; to the latter class types designated tentatively Ay By C and i). 

To acootmt for extinct types of haloes a hypothesis is advanced that they originate 
from hydrothermal solutions. Such solutions diffused through conduits or clefts in 
the biotite crystal and particular radioactive elements of the uranium family were 
deposited from them at certain centres of precipitation. By a continuous process 
there was thus inoorfiorated in a halo nucleus a quantity of a short-lived element 
sufficient to produce a halo. In this way all four extinct types (Jon be explained. In 
active haloes this method of halo formation also ocemred but the possibility is also 
open that the halo nucleus was formed prior to the crystallisation of the biotite. All 
halo rings can be accounted for by known types of a particles and no evidence is 
found for unknown elements which may once have existed in the earth and have now 
disappeared. 
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The actions of iodine and hypolodoua add on pepsin. By J. Sr L. Phiu^t 

and P. A. Small. {Communimted by R. A. Peters, F.R.8.—Received 
3 July 1939.) 

When iodine acta on pepain the initial ratio of fall in Folia blue value to fall in 
peptic activity decreaaea with increasing pH and temperature, reaching a very low 
figure at pH 6 and 38^' C. The same ocoius with “diaxoj^epsin*', in which the reactive 
tyrosine groufis have previously bcwm attacked by nitrous acid, 

When j^sipein is treated with small amounts of hypoiodous acid the initial ratio of 
fall in Folin blue value to amount of hyi)oiodou« acid is much lower than for tyrosine, 
being practically nil at pH 6 4. The hypoiodous acid required to produce a just 
perceptible fall in Folin blue value is sufficient to destroy most of the peptic activity. 
It is conclmled that some groups other than tyrosine are concerned and reasons 
are given for excluding other aniino*ac]<ls. 


Thermal ionization of barium. By B. N. Srivastava, M.Sc. {Cofnrnuni' 
cated by M, N. Saha, FM,S,—Received ^ July 1939.) 

In this paper a new matliod has bet^n describf^d for experimentally studying the 
thermal ionization of gases. The apparatus used has already been described in detail 
by Saha and Tandon elsewhere. Thermal ionization of barium vapour has been 
investigated at various temperaUires and the equilibrium constant and the effective 
energy of ionization have boon calculated. The results obtained agree, within the 
limits of experimental error, with the theory of thermal ionization. The results also 
support the usual interpretation of the well-known barium anomaly in the solar 
spectrum, and yield for the effective ionization energy at 1500^" C a value of 114-1 koal. 
though the ionization potential of barium is 5*19 V corresponding to 119*6 koal. The 
theoretical value for this quantity at 1600“ C is 114*4 kcal. The agreement is therefore 
quite satisfactory. 


The influence of diabetogenic anterior pituitary extracts on the islets of 
Langerhans in dogs. By K. C. Richardson. {Communicated by Sir Henry 
Dale, F.R.S.—Received 4 July 1939.) 

The experimental investigation of the aetiology of diabetes mellitua in intact 
animals has been made possible by the discoveiy that the daily injection into dogs, 
of large amounts of a crude arderior pituitary extract results in a clearly defined 
diabetic condition which may continue after the injections cease and become 
permanently establisheiL 

The histological condition of the pancre^as, in a series of dogs so treated, has been 
examined to determine the influence of the diabetogenic anterior pituitary extract, 
particularly o»i the beta cells of the islets of Langerhans. Partial or complete degranu- 
lation of the majority of the beta cells, accompanied by hydropic degeneration in 
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individual beta oella, wae found in the material taken during the period of injeotions 
with pituitary extract, when the dog« were exhibiting temporary symptoms of 
diabetes. A characteristic vacuolation of the intralobular duct epithelium was also 
observed. 

Vaouolation of the duct epithelium and slight loss of cytoplasmic granules in beta 
cells, occurred in the pancreas of dogs treated with fractionated anterior pituitary 
extracts which failed to produce diabetic symptoms. 

During the prolonged period of jw^rmanent diabetes, the islets of Langerhans may 
remain intact and show little change beyond loss of cytoplasmic granules in the beta 
cells, or they may undergo atrophy by a reduction to small groups of alplia cells, or 
by complete or partial replacement by hyaline material. 

In dogs which become refractory to increased dosages of anterior pituitary extract 
and fail to exhibit permanent diabetic symptoms, there was evidence of hyperplasia 
in the islets of Langerhans. 


X-ray crystallography and the chemistry of the steroids. I. By J. D. 

Bbrnal, F.R.S., D. Crowfoot and I. Fankxtohisn. (Received 5 July 1939,) 

A survey has been made of the X-ray crystallography of some eighty sterol de¬ 
rivatives belonging mainly to tht^ cholesterol and ergosterol series but including also 
calciferol and other photo-derivatives of ergosterol and some higher plant and animal 
sterols. The measurcnnents are recorded in four tables and include determinations of 
unit cell mza, space group and some data on the cirystal morphology aixd optics. In 
thrc^e cases, cholasteryl chloride, bromide and cholesteryl chloride hydrochloride, 
Patterson projections have also been derived from the intensities of the X-ray re- 
Hexions of the hoi planes. These confirm earlier deductions on the shape and size of 
the sterol molecules, proving that these are roughly iath-shaijed, 20 x 7 x 4 A. and the 
details of the patterns can also to some degree be correlated with the actual arrange¬ 
ment of the carbon atoms in the sterol ring system and with the positions of the 
chlorine and bromine atouis. The arrangement of the molecules in the crystal units 
is closely that given by the preliminary examination from tlie optic orientations and 
this has therefore been employed to suggest in each of the remaining sterol crystal 
structures the probable molecular arrangement. 

Among the eighty compounds studied a number of different types of ci ystal struc¬ 
ture appear. An attempt is made to grmap thes<? in a general geometric classiRoation 
depending upon the relative orientation of the molecular axes, tliiokness, width, and 
length to the crystallographic axes a, b and c. Altogether 104 different sterol struc¬ 
tures are included in the classification and of these 77 fall into the second of the three 
main groups described above, which includes cholesteryl chloride and bromide and 
has been called the normal type of sterol structure. 

The crystallographic measurements as a whole are discussed in their bearing on 
specific chemical problems under the following headings: 

(o) CharacterizaHon and identification. The X-ray data have been applied par- 
ticoloriy among the higher plant and animal sterols both to identify individual 



S 82 Abatrdcta of Papers 

oonatituants (e,g. stigma^terol in phytosterol mixtui'es), to distinguish additional 
crystal forms (e»g. two types of oorevisterol) and to characterixo new sterols and relate 
these to previously known compounds (e.g. a sterol from rubber), 

(6) Molecular wight deterntiivuions. Molecular weight measurements have been 
carried out on coprosterone, ergotetraene, y-spinasterc^ acetate, ergosterol 
etigmasterol H^O, y-sitosterol H,0 and a sUsrol from rubber. In the case of crystals 
of oholestanol, tjrgostadiene triol and .d*-choleet(me 7*ol, the meaaurements are used 
to estimate water of crystallixation. 

(c) The etereochemiairg of the carbon skeleton. The X-ray measurements indicate that 
tlie general cjonfiguratioii of thf^ sterol ring system must be flat but so far it heis been 
impossible to coiTcIate sten^oclAornical changes at particular ring junctions with 
crystallographic changes, e.g. between rings C and D (a-ergostenol, ^-ergostenol), 
B and C (lumisterol), A and B (ooprostane, cholostano). 

(d) The effect of auJbaiituents on the crgaUdlography of the ateroU. 

(i) The position of the hydroxyl group. A hydroxyl group at Cg of the sterol skeleton 
generally, but not invariably leads to double layer formation in the crystal structure 
and vice versa, a double layer crystal structure usually indicates the presence of a 
terminal hydroxyl group. Exceptions are choiestane-6-ol which shows a double layer, 
and pyrocalciferol which does not. Brassicasterol, cerevistcrol. the spinasterols and 
the rubber sterol all probably have hydroxyl groups at Cg. The position of i-cholesterol 
(which shows one double layer) is obscure. 

(ii) The atereochemlatry of the hydroxyl group at Cg. It is not possible to distinguish 
at this stage between the two possible conflgurations of the hydroxyl group at Cg. 
In cholesteryl chloride and bromide, the chlorine and bromine atoms must lie closely 
in the plane of the ring system. a-Chlor-cholestane is correlated crystallographically 
with oholesteryl chloride. 

(iii) The position of the double bonds. The introduction of either hydroxyl groups 
or halogens at the double bond system usually produces radical changes in the 
crystallography which makes simple comparison difllcult. The Patterson analysis of 
cholesteryl chloride ijydrochlorido provides, however, definite evidence that tlie extra 
chlorine atnm is at Cg. The crystallography of both the hydroxy- and maleic anhydride 
derivatii^es of ergosterol is in agreement with their present chemical formulae but 
provides no certain proof of the correctness of those. 

(e) A comparison of the crystallography of different sterols—monohydroxy compounds. 
There is a group of sterols including ergosterol and many of the higher plant and 
animal sterols which show particularly close resemblances in crystal structure to one 
another. While inclusion in this group must indicate close similarity, both in sterol 
skeleton and molecular arrangement, deviations do not necessarily seem to have a 
chemical signiflconce. 

(/) Th^ structure of calciferol. Calciferol, while showing certain differences from the 
characteristic sterol grt>up mentioned above, also shows similarities particularly in 
c plane mtensities. It seems unlikely therefore that the actual distribution of the 
atoms in the molecule differs considerably from that in ergosterol. 

Many of the outstandit^ problems of the chemical structure of the sterols can only 
be settled by exact analysis. The present survey has indicated a number of compounds 
that are suitable for such treatment. 
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Band spectra of cathodo-luminescence. By S. T. Heitdebson. (Com¬ 
municated by N. F. Mott, F.R.8.—Received 7 July 1939.) 

A photographic method is used to examine the omission bands of various fluorescent 
materials excited by cathode rays. Single bands given by zinc or zinc-oadmium 
sulphides agree closely with the Gauss error curve, excjept at the outer edges where 
limits to the omission must occur. Approximate graphical analysis gives adequate 
resolution for more complex bands. Each activator metal produces a band in some 
characteristiic position which varies only slightly witli varying preparative methods 
and activator contents, except when the activator is reduced to very small amounts. 
The effects of lowering the temperature, and of changing to ultra-violet excitation are 
described. 

A simple relation is demonstrated between band position and composition in the 
ZnS.CdS series, and the electronic transitions responsible are briefly considered in 
this cose, and also for some manganese-activated materials. 


The freezing-point of rhodium. By C. R. Barker and P. H. Schofield. 
(Communicated by G. W. C. Kaye, F.R,S,—Receivefl 10 July 1939.) 

The freezing-point of rhodium on the International Temperature Scale has been 
determined by measuring the ratio of brightness, for a certain wave-length, of black- 
body radiators hold at the freezing-i>oints of rhodium and gold, the latter being the 
basic point of the scale for all high temperatures. I’lie brightness tueaBurements were 
made by an optical j)yrorncter of the disapjwjaring-filament type, sighted on the 
radiator, which, in the cose of rhodium, consisted of a closed-end thoria tube pro¬ 
jecting into an ingot of the metal. Tlie ingot was contained in a thoria crucible, packed 
in thoria powder, and placed in an evacuated enclosure. It was heated by electric 
induction in such a way that it could be alternately melted or frozen at a convenient 
rate. The ratio of brightness was determined by the successive use of two rotating 
sectors, the first reducing the brightness of the radiator at the rhodium point so as to 
give an apparent temperature intermediate between the rhodium and gold points; 
and the second, when applied to a radiator at this intermediate temperature (about 
1270® C), reducing its brightness to that corresponding with the gold point (1068® C). 
This two-stage reduction in brightness was necessitated by the fact that it is im¬ 
practicable to out and measure, with sufficient accuracy, a single sector giving the 
required ratio of brightness, which is of the order of 700 to I for the wave-length 
used. The purity of the two specimens of rhodium employed in the investigation, was 
checked by measurement of the ratio of electrical resistance, ^loo/^o* 

The value foimd for the freezing-point, 1966 ± 3® C, is indistinguishable from the 
only previous one obtained by the same method, namely that of the National Bureau 
of Standards, 
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The A3400 bands of PH and PD. By M. Ishaq and R. W. B. RHUWHt. 

(Communicated by A. Fowler, F.R.8. — Received 10 July 1030.) 

The band of PD analogotm to the A 3400 band of PH has been photographed in the 
4th order of a 10 ft. oonoave grating. An analysis of its rotational struottire Ifeen 
made and the corresponding band-speotrum oonstante evaluated. In order to com¬ 
pare the values of the constants with those of PH, the PH band has been photo^aphed 
with the same dispersion and remeasured. The results are; 

For the initial *77^ state for PD; 4*176 D = — 1*62x 10"* 

A = -116*6 cm. ^ while for PH: B = 8026 cm.""^ D=-6*7x10"* om.“»j 
A = — 115*6 om."^; for the final state for PD: B = 4*363 om.~^ j D = — 1*20 x 10"* 
cm.”M while for PH; B = 8*412 cm."'; D = —4*3 x 10"* cm."', 

A catalogue of wave numbers of the lines measured is given, together with their 
classification. 

The infra-red absorption spectrum of methylamlne vapour. By C. R. 

Bailey, S. C. Carson and E. P. Daly. {Communicated by C. K. Ingold, 
F.R,8.—Received 10 July 1939.) 

The infra-red absorption spectrum of methylamine vapour has hem examined 
between 1 and 26*6/4 with a prism spectrometer. With the assistance of Eaman 
spectra obtained by other workers fundamental modes and combination tones have 
been assigned. A model for the methylamine molecule analogous to the model 
for ethane has be^en shown to offer a reasonable explanation of the spectra. With the 
inclusion of an indirectly determined low torsional frequency in methylamine, the 
assignment is capable of yielding a satisfactory calculated value for the specific heat. 
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A study of sensitized explosions 

IV. The carbon monoxide-oxygen reaction catalysed 
by nitrogen peroxide 

By E. J. BtrcKLBK and R. G. W. Normsh, F.R.S. 
De/pariment of Physical Chemistry, Cambridge 

{ReMimd 10 March 1939) 


Introduction 


The work of Hadman, Thompson and Hinshelwood {1932 a, b) has shown 
that the reaction between pure carbon monoxide and oxygen is characterized 
by a region of ignition above 650'^ C, bounded by upper and lower critical 
pressure limits outside which the rate of oxidation falls to negligibly small 
values in the dry gases. Sagulin, Kowalsky, Kopp and Semenoff { 1930 ) have 
reported that the region of ignition of moist carbon monoxide is extended 
more than 200 ° C towards lower temperatures in the presence of 0*1 % 
nitrogen peroxide, although larger concentrations than this exert an anti- 
catalytic effect. Another aspect of the catalytic influence of nitrogen p^oxide 
on the csSidbon monoxide-oxygen reaction is revealed by the work of Crist 
and RoehUng ( 1935 ) and Crist and Calhoun { 1936 ), who have found that 
steady reaction occurs in nitrogen peroxide sensitized mixtures at 627° C 
and 760 mm. total pressure. The rate of reaction varies with concentration 
of nitrogen peroxide in a manner shown by curve B in fig. 1 , which has been 
taken from the paper by Crist and Roehling ( 1935 ).* This graph, as shown 
by Crist and Roehling ( 1935 ), can be represeniod as the sum of two simpler 
curves 4 and C, depicting respectively distinct catalytic functions of 
nitrogen peroxide. Curve C was shown to be explained by a mechanism 
in which nitrogen peroxide, by alternate oxidation and reduction, plays the 
port of an oxygen carrier in accordance with the following formal equations: 

CO + NOa-COa + NO, 

2N0 + 0««2N0a. 


^ For purposes of comparison with the data of this paper^ the original ordinates of 
Crist and Roehling in fig* 1 have been converted to show the reaction velocity in 
*nm, dO| fhrmed per second. 
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These reactions were found to be honu^^eoos and independent of surface^ 
Ourve A on the other hand, which shows a maximum at about 0*36 nun. NO^, 
represents a reaction which was somewhat affected by the nature and {ue- 
treatment of the vessel surface and which was ascribed to a chain mechanism 
in which nitrogen peroxide exerted simultaneously catalytic and anti- 
catalytic effects. In considering the matter further, the present authors were 
struck by the similarity in form between curve A in fig. 1 and the curves 



pressure of NO» (mm.) 

Fio. 1 . Variation of rate of oxidation of oarbon monoxide with concentration of 
nitrogen peroxide (Crist and Roehling 1935 ). Temperature 627® C: total pressure of 
2C0 + 0,= 760 mm. Hg. 


reproduced in fig. 2 showing the sensitizing effect of nitrogen peroxide on the 
hydrogen-oxygen reaction obtained by Nonieh and Griffiths { 1933 ). In any 
discussion of the carbon monoxide-oxygen reaction it is also necessary to 
bear in mind that its mechanism is profoundly altered by the presence of 
traces of hydrogen or water (see Gamer and his oo-workers 1927 - 32 ; 
Bone 1931 ; HadmanefaL I 932 ay 6). In particular it has been found recently 
by Buckler and Norrish ( 1938 ) that in the presence of only 1 % hydrogen the 
ignition region for carbon monoxide is tranaferred to that oharaoteristie of 
hydrogen, and that propagation and branching of reaction ohaini become 
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possible over 160° C lower than in pure carbon monoxide and oxygen. 
Moreover, it was shown that ignition in 00-0j-H8 mixtures is oontaroited 
uniquely by the chain-branching processes responsible for ignition in oxy- 
hydrogen mixtures at these temperatures. The fact that traces of hydrogen 
can exert so profound an effect on the oxidation of carbon monoxide 
immediately raises the possibility that the anomalous behaviour of 
CO-Oj-NOj mixtures at low nitrogen peroxide concentrations shown in 



pressure of NOj 

Fio. 2, Variation of rate of oxidation of hydrogen with concentration of nitrogen 
peroxide (Norrish and Griffiths 1933 ). Temperature 302“ C; total pressure of 
2H|4'B 150 nun. Hg. ® reaction in light; • reaction in dark. 

fig. 1 might be due to small quantities of hydrogen or water vapour present 
as imptoity in the reactant gases. 

The object of the present work was to investigate in more detail the oxida¬ 
tion of carbon monoxide in the presence of small concentrations of nitrogen 
pi^adde; to exaudne the influence of hydrogen on such mixtures, and 
faiths, to determine wliether the maximum in curve B shown in fig. 1, 
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obtained by Crist and Roehling ( 1935 ), could be ascribed to the preeenoe of 
minute traces of hydrogen or water vapour* 

It has been found that the rate of reaction in carbon monoxide-oxygen 
mixtures containing 0*25 mm* nitrogen peroxide but no hydrogen, prepared 
and dried by normal laboratory methods, becomes measurable above about 
425° C. According to measurements made at 527° C the reaction velocity 
decreeises steadily with decrease of total pressure, and there is no evidence 
of a region of ignition at low pressures. 

However, when hydrogen is added to such CO-Oj-NOg mixtures, explo¬ 
sions may be obtained even at 357° C. These are preceded by induction 
periods which at first decrease and then increase with increasing concentra¬ 
tions of nitrogen peroxide. The results indicate that ignition in C 0 - 02 -N 02 -H 2 
mixtures is conditioned under these circumstances by a chain-branching 
mechanism similar to that responsible for the nitrogen peroxide sensitized 
ignition of oxy-hydrogen mixtures (Foord and Norrish 1935 ). At these 
lower temperatures therefore, in the presence of hydrogen, the maximum 
in curve JS of fig. 1 obtained by Crist and Roehling is replacjed by a region of 
ignition bounded by upper and lower critical concentrations of nitrogen 
peroxide, while in the absence of hydrogen the catalytic effect of nitrogen 
peroxide is entirely eliminated. 

Further experiments established that^while dry CO-O 2 -NO 2 mixtures do 
not ignite at low pressures at 500° C, addition of water vapour to the 
sensitized gases introduced a region of ignition similar to that found with 
traces of hydrogen* This provides an example of ignition catalysis produced 
by the combined influence of two substances, neither of which alone affects 
the ignition temperatures of carbon monoxide and oxygen. These results 
may be explained by the fact that water, while it cannot cause branching, 
catalyses the propagation of straight chains, and nitrogen peroxide, which 
does not assist chain propagation, readily gives rise to chain branching. 

Experiments have been performed which eliminate the possibility of 
traces of hyarogen being the cause of the maximum in the curve shown in 
fig* 1 , but since in the apparatus we employed it was not possible rigorously 
to eliminate the last traces of water vapour, we have been led to ascribe the 
catalytic maximum of the curve shown in fig* 1 to the joint action of water 
vapour and nitrogen peroxide* That the amount of water required to produce 
the effect is very minute may be gauged by the extreme sensitivity of the 
reaction at these temperatures to traces of free radicals containing hydrogen. 

In the present work a further study has also been made of the induction 
period, As in the nitrogen peroxide sensitized ignition of hydrogen and 
oxygen, the present results enable one to draw the conclusion that ignition 
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in chain reactiona involves a thermal process which can become the limiting 
factor governing ignition. 

Experimkktal method 
Apparattcs 

The apparatus used was identical with that described by us in a recent 
paper (Buckler and Norrish 1938), and consisted essentially of an electrically 
heated reaction vessel of quartz or pyrex, into which gas mixtures could be 
introduced from a separate mixing vessel. The pressure measurements were 
carried out by the use of two water-jacketed Bourdon gauges of the type 
described by Foord (1934), one of which employed the movement of a beam 
of light and the other the deflexion of a pointer for observing differences of 
pressure. For differential measurements the latter gauge was accurate to a 
pressure change of 0*02 mm., while both weie sufficiently robust to withstand 
the shock of an explosion in the reaction vessel. A conical quartz reaction 
vessel 18 cm. long tapering from a diameter of 40 mm. to one of 4 mm, was 
used in all experiments on the ignition of mixtures containing water vapoiu* 
or hydrogen. The steady reaction in dry hydrogen-free mixtures was studied 
in a pyrex reaction vessel 20 cm. long and 35 mm. diameter of volume 
217 c.c. 

For a purpose which will be described later, it was arranged that after 
undergoing reaction for some minutes, such mixtures could be withdrawn 
through a spiral cooled in liquid air and stored in a Toepler pump for use in 
subsequent experiments. Gases were prepared as described below, and stored 
in large soda-glass bulbs, and the final drying of every permanent gas or 
mixture was accomplished by passage through spirals cooled in liquid air. 

Preparation of gases 

Pure oxygen, hydrogen, carbon monoxide and nitrogen were obtained by 
methods previously described (Buckler andNorri8hi938). Nitrogen peroxide 
was prepared by heating lead nitrate in a stream of oxygen, passing the 
mixed gases over phosphorus peroxide and condensing the oxides of nitrogen 
in a trap cooled to - 80"" C. Oxygen was bubbled through the liquid cooled 
to — 8® C for 3 hr. to remove traces of nitroxis anhydride, and the residue 
waa fractionally distilled in vacw, the middle fraction being stored at - 80^ C 
until required in a bulb connected to the main apparatus. 

Practical methods 

In the preparation of samples of gas containing accurately known small 
oonoentrations of nitrogen peroxide or hydrogen, a measured pressure of 
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either sensitizer was first admitted to a subsidiary bulb and diluted a 
large excess of oxygen . Requisite amounts of the dilute mixture were then 
admitted to the final reservoir, followed by extra carbon monoxide and 
oxygen. 

Induction periods were measured with an ordinary stop-watch from the 
time of opening the tap between the final mixing vessel and the reaction 
vessel, to the time of appearance of a flash seen through the window in the 
entry tube or a movement of the beam of light from the mirror gauge. 

The percentage combustion of an ignited mixture was conveniently 
determined by withdrawing the residual gases from the furnace through a 
spiral cooled in liquid air. The amount of carbon dioxide collected could be 
estimated from the pressure shown on the mirror gauge when the gas was 
allowed to expand into the volume occupied by the spiral, the gauge dia¬ 
phragm and the connecting tubing. From a knowledge of the volume of the 
bulb of the reaction vessel, as little as O-l % combustion could be detected 
and measured in this way. 

In certain experiments it was desirable to know whether the steady chain 
reaction between carbon monoxide, oxygen and nitrogen peroxide was 
due in any way to unavoidable traces of hydrogen introduced during 
preparation of the gases. It is reasonable to suppose that if hydrogen did 
participate in the propagation of reaction chains in such mixtures, it would 
itself be oxidized to water as the reaction proceeded. Accordingly, after 
reaction had continued for several minutes, the partially oxidized gases 
were withdrawn slowly through a spiral cooled in liquid nitrogen to remove 
traces of water vapour and nitrogen peroxide, and stored over mercury in 
the Toepler pump. Gases subjected to such pretreatment were then re- 
sensitized with nitrogen peroxide, and the rate of reaction compared with 
that obtained using “ordinauy ” gases. 


Expebimental kksttlts 

The experimental evidence may be divided into two main groups. The 
first deals with the variation with experimental conditions of induction 
periods prior to ignition or slow reaction in mixtures of carbon monoxide 
and oxygen under the combined sensitizing influence of nitrogen peroxide 
and hydrogen. The second is an extension of the work of Crist and Boehling 
(193s) Crisi' <*^d Calhoim (1936) on the slow reaction occurring in 
hydrogen-free mixtures of carbon monoxide and oxygen in the presence of 
nitrogen peroxide alone. 
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Sensitization by hydrogen and nitrogen peroxide 

The work of Gibson and Hinshelwood ( 1928 ), Thompson and Hinshdwood 
( 1929 ), Norrish and Griffiths ( 1933 ), and Foord and Norrish ( 1935 ) has 
shown that nitrogen peroxide can reduce the temperature of ignition of oxy- 
hydrogen mixtures from above 460° C to below 860° C, while recent work 
by Buckler and Norrish ( 1938 ) has demonstrated that traces of hydrogen 
reduce the ignition temperatures of carbon monoxide and oxygen from 
abov e 660 to about 480° C. It is reasonable to suppose therefore that two sets 
of branching chain reactions are possible in mixtures of carbon monoxide, 
oxygen, hydrogen and nitrogen peroxide. Below 460° C explosions may 
be produced by the mechanism responsible for ignition in oxy-hydrogen 
mixtures sensitized by nitrogen peroxide, while above that temperature the 
branching chain reactions occurring during ignition of unsensitized hydrogen 
and oxygen may also come into play. Accordingly, comparable experi¬ 
ments have been performed at about 360° C and above 600° C to investigate 
the relative importance and interaction of these two mechanisms. 


E^ect of vMter vapour and hydrogen 

In fig. 3 is shown the variation of induction periods with hydrogen 
pressure at 367° C and 160 mm. total pressure and at 500° C and 23-7 mm. 
total pressure in mixtures of 2 CO + O 3 containing constant partial pressures 
of nitrogen peroxide. The results are interesting in that an abrupt transition 
was observed from slow reaction to ignition as the hydrogen pressure was 
increased, without any accompanying discontinuity in the values of the 
induction periods. In both regions the induction periods were terminated by 
a sudden slight increase of pressure followed by ignition or reaction, after 
which the pressure fell as the products reassumed isothermal conditions. It 
is seen that the hydrogen pressure at which transition from slow reaction to 
ignition occurs is greatly reduced by increase of temperature, but both 
curves indicate that ignition becomes impossible in hydrogen-free mixtures. 

A similar continuous variation of induction periods in passing from a 
region of slow reaction to one of ignition was obtained using water vapour 
instead of hydrogen as shown in fig. 4 which was obtained at 600° C and 
22*2 mm. Hg total pressure. These results confirm those of Sagulin et cA. 
( 1930 ) that nitrogen peroxide reduces the ignition temperatures of moist 
carbon monoxide and oxygen, since the present experiments were performed 
160° C below the ignition temperature of the pure gases. An unusual example 
is provided here of ignition catalysis produced in the presence of two 
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hydrogen pressure (nun. Hg.) 

Tomjxirature = 367'^ C; pressure of 2 CO + O 2 = 100 mm. Hg; pressure of 
JSrO,== 0-114 mm. Hg. 



Fm. 3. Variation of induction periods with hydrogen pressure in mixtures of 200 -f O* 
containing constant partial pressures of nitrogen peroxide. 
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substances, neither of which alone affects the ignition temperatures of the 
pure gases. 



■water vapour pressure (mm. Hg.) 

Fio. 4. Variation of induction iwiriods with water vapour pressure. Temperature 
= 600° C; pressure of 2C0 + 0, = 22-2 mm. Hg; pressure of NO^ = 0-27 mm. Hg. 


Effect of nitrogen jjeroxide 

The effect of increasing concentrations of nitrogen peroxide on the 
induction periods prior to ignition or slow reaction in mixtures of 2 CO + Oj 
at 160 mm. total pressure and 367° C is shown by the two curves of fig. 6 , 
which were obtained using mixtures containing constant partial pressures of 
oxy-hydrogen gas of 6 'Omm. and 10-0 mm. respectively. The results are of 
similar form to those obtained by Foord and Norrish ( 1935 ) at the same 
temperature and total pressure using mixtures of hydrogen and oxygen, 
and demonstrate once more the dual role of nitrogen peroxide as catalyst 
and anti-oatalyst. It may be noted as a difference in detail that while the 
curves obtained using oxy-hydrogen mixtures are characterized by an 
upper and a lower critical concentration of nitrogen peroxide between which 
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explosion occurs and outside which the induction periods are terminated by 
slow reaction, the present results demonstrate only a lower critical limit of 
this nature, whereas the upper critical concentration appears to represent a 
boundary between a region of explosion and one of complete stability. 

When the temperature was raised to 540® C it was noticed that a faint 
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blue flash occurred about 30 sec. after admission to the furnace of mixtures 
of 200 + 02 containing nitrogen j^eroxide and no added hydrogen. The 
accompanying pressure changes were less than could be detected by the 
gauges, and the amount of carbon dioxide present in the gases after with- 
drawal proved to be negligible. The induction periods prior to the flash 



Fio. 6, Variation of induction periods with concentration of nitrogen peroxide in 
mixtures of carbon monoxide and oxygen containing constant partial preeatiros of 
hydrogen. Temperature = 640° C; pressure of 2CO + Oj = 70-0 mm. Hg. 


varied with concentration of nitrogen peroxide in a manner shown in fig. 6 
by the curve labelled Hydrogen pressure = 0*00 mm. The intensity of the 
flash waa greatest near the minimum of the curve and decreased as the 
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concentration of nitrogen peroxide was increased, until nothing could be 
dek^oted above about l-Omm, NOg. It was found that addition of only 
0*01 % hydrogen reduced the induction periods considerably, as shown by 
the curve labelled Hydrogen pressure = 0*0075 mm., and also increased the 
intensity of the flash. In view of the extreme sensitivity of the reaction to 
traces of hydrogen it seems most probable that the faint blue flashes 
detected in mixtures containing no added hydrogen were due to presence of 
small quantities of this gas introduced during preparation of the carbon 
monoxide. However, the results themselves suggest that the carbon 
monoxide used in these experiments contained less than 1 part in 10,000 of 
hydrogen. 

When the concentration of hydrogen was increased, each blue flash was 
accompanied by a marked decrease of pressure, until with a partial pressure 
of hydrogen exceeding 0-03 mm. the explosions produced over 70 % com¬ 
bustion. Tlie remaining curves of fig. 6, obtained in mixtures of 2 CO + O 2 
containing 0*015mm. and 0*046 mm. of hydrogen respectively, demonstrate 
that at these higher temperatures appreciable concentrations of hydrogen 
reduce the induction periods to zero when no nitrogen peroxide is present, 
and mask the catalytic action of the latter sensitizer, leaving it with only a 
resultant inhibitory efi'ect. 


The effect of carbon monoxide and nitrogen 

In fig. 7 are shown two curves expressing the variation of induction periods 
with total pressure at SSO'^C in mixtures containing 50 mm. of 2Ha + 02 
and 0-26 mm. NOg to which carbon monoxide and nitrogen respectively have 
been added as diluent gases. Since these two gases possess almost identical 
physical constants, the differences between the two sets of results must be 
ascribed to participation of carbon monoxide in the elementary processes 
leading up to ignition. It is seen that the induction j)eriods obtained in 
mixtiu’cs diluted with carbon monoxide are shorter than those for corre¬ 
sponding mixtures containing nitrogen, and that the transition from 
explosion to slow reaction occurs at a higher total pressure in the former than 
in the latter system. The minimum in the curve expressing the variation of 
induction periods with total pressure in mixtures diluted with carbon 
monoxide indicates that this gas possesses a mild sensitizing influence 
which is not shown by nitrogen, and which cannot be due to any change in 
the thermal or physical characteristics of the system. 
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pnjHsuro of midufl ourboji monoxide or nitrogen (mm. Hg.) 

Fig. 7. The offecta of swided carbon monoxide and nitrogen on the NO,-8on8itized 
ignition of oxy-iiytlrogen mixtures. T<.’mjKniture — 380*^ C; pressure of 2Hj + 02 
= 50 rnm. Hg; pi'essun^ of NOj = 0-2.5 mm. Hg. x dilution witli nitTOgon; © dilution 
with carbon monoxide. 


Sensitization by nitrogen j>eroxide alone 

The results of the preceding section indicate that nitrogen peroxide acts 
as an ignition catalyst to carbon monoxide-oxygen mixtures only in the 
presence of water vapour or hydrogen, and that above 600° C detectable 
effects are produced by very small amounts of the latter gas. In view of the 
fact that traces of hydrogen are often produced during preparation of carbon 
monoxide, the question arises whether the catalytic and anti-catalytic 
influence of nitrogen peroxide on the high-pressure oxidation of carbon 
monoxide observed by Crist and Roehling ( 1935 ) is also due to the presence 
of small quantities of hydrogen. Since no convenient direct method is 
available for the rigorous purification of carbon monoxide, it was decided 
to subject sensitized mixtures to partial oxidation, freeze out the condens¬ 
able products with liquid nitrogen, and use the residual gases as a source of 
pure reactants. 

The rate of oxidation of carbon monoxide at 627° C and 600 mm. total 
pressure was studied using “ordinary” and “purified” mixtures by 
admitting gases to a pyrex reaction vessel 35 mm. diameter in the following 
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order, 200 mm, of pure dry oxygen was established in the reaction vessel and 
followed by an ap})ropriate amount of a dilute nitrogen peroxide-oxygen 
mixture measured by the gauges to give some chosen concentration of 
nitrogen peroxide t>etween 0 and 2 mm, The latter component was swept 
into the bulb of the reaction vessel and the total pressure increased to 600mm. 
by admitting dry carbon monoxide, and subsequent reaction was followed 
on the gauges for about 20 min. The contents of the reaction vessel were then 
extracted slowly through a spiral cooled in liquid air and stored in a Toepler 



nitrogen peroxide pressure (inm. Hg.) 

1^10. 8. The de]>endonoe of reaction rate in carbon monoxide-oxygon mixtures on 
concentration of nitrogen peroxide, Temperattir© 2 =: 627° C; total pressure ^600 mm. 
Hg. 0 “ordinary” mixtures; ^ “purified” mixtures. 

pump. The experiment was repeated and the unoxidized gases added to 
those already collected, 200 mm, of gas obtained in this way was readmitted 
to the reaction vessel followed by a suitable quantity of dilute NOa-O# 
mixture and the total pressure increased to 600 mm. with more purified 
2CO + Oa. The rates of reaction of such mixtures, as measured by the 
decrease of pressure during the interval 10^20 min. from the time of admis¬ 
sion, and the rates of oxidation of freshly prepared carbon monoxide are 
shown in fig. 8 over the range of concentrations of nitrogen peroxide from 
0 to 20 mm. Hg. 
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It iB seen that no appreciable difference exists in the values for corre¬ 
sponding pairs of points, and that the dependence of reaction rate on 
concentration of nitrogen peroxide for both series of experiments can be 
expressed by the same curve. The results confirm those of Crist and Roehling 
( 1935 ) in assigning to nitrogen peroxide a catalytic influence when its 
concentration is below 0-3 mm. or above about 2 mm., and a resultant 
inhibitory effect for intermediate values, and indicate that the elementary 
reactions responsible for these phenomena are not dependent on the 



total pressure (mrn. Hg.) 

Fia. 9. Variation of reaction rate with total pressure. Temjwrature = 527°; 
prassure of NOj = 0-25 mm* Hg. 

presence of appreciable concentrations of molecular hydrogen. This evidence 
must not be taken as conclusive however, since in the preceding section it 
was shown that addition of only 0*01 % hydrogen at 640° C resulted in 
marked decrease of induction periods prior to the faint blue flashes observed 
in such mixtures at lower pressures. It will be realized also that the technique 
employed here does not include rigorous purification of the dilute nitrogen 
peroxide-oxygen mixture used for sensitizing the reactant gases, nor can it 
ensure exclusion of traces of water vapour from the system. 

Since it is possible that later work may assign an independent mechanism 
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to the catalytic influence of small concentrations of nitrogen peroxide on the 
slow reaction, it was decided to record the rate of sensitized oxidation in 
mixtures prepared by ordinary methods over a complete range of total 
pressures. In fig. 9 is shown the variation of reaction velocity with total 
pressure at 527^' C in mixtures of 2CO + O 2 containing 0-25 mm. of nitrogen 
peroxide. It is seen that the rate of reaction decreases steadily with decrease 
of pressure, giving no evidence of a region of ignition at low pressures. 


Discussion 

The results described in the present work and the relevant experimental 
evidence derived from other sources may be summarized as follows: 

(1) In the presence of nitrogen peroxide the rate of oxidation of carbon 
monoxide prepared from ordinary sources becomes appreciable above 
420'' 0. As the concentration of sensitizer is increased, the velocity of 
reaction at 527^^ C rises to a maximum at about 0*2fi mm. NO 2 , falls away to 
a minimum at about 1-5mm. NO 2 , and finally increases steadily as the 
pressure of nitrogen peroxide is increased above that value. This dependence 
of reaction rate on nitrogen peroxide concentration persists in mixtures 
which have been submitted to purification from traces of hydrogen as far 
as possible. 

(2) The velocity of reaction in mixtures of carbon monoxide, oxygen and 
nitrogen peroxide decreases steadily with decrease of pressure at 627° C; 
nitrogen peroxide does not reduce the ignition temperatures of pure dry 
carbon monoxide and oxygen. 

(3) Small concentrations of hydrogen reduce the ignition temperatures of 
pure carbon monoxide and oxygen from above 660° C to about 460° C, 
while addition of water vapour has no effect on the ignition temperatures. 

(4) Ignition is possible below 360° C in mixtuiw of carbon monoxide, 
oxygen and nitrogen peroxide when hydrogen also is present, while ex¬ 
plosions have been observed at 600° C when hydrogen is replaced by water 
vapour, 

(6) Under conditions in which mixtures of carbon monoxide, oxygen and 
hydrogen do not ignite on entering the reaction vessel, addition of nitrogen 
peroxide gives rise to explosions preceded by induction periods which at 
first decrease and then increase with increasing concentrations of sensitizer, 
as shown in figs. 3 and 4. 

(6) At temj)eratures sufficiently high to produce immediate ignition in 
mixtures of carbon monoxide, oxygen and hydrogen alone, the catalytio 
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action of nitrogen peroxide is masked leaving only a resultant inhibitory 
effect. 

(7) JDilution of mixtures of hydrogen, oxygen and nitrogen peroxide with 
nitrogen lengthens the induction periods and ultimately converts ignition 
into slow reaction. When nitrogen is replaced by carbon monoxide the in¬ 
duction periods become generally shorter, and at first decrease and then 
increase as more diluent gas is added. The pressure of carbon monoxide 
required to suppress ignition is greater than the pressure of nitrogen required 
under otherwise similar conditions. 

( 8 ) An abrupt transition from ignition to slow reaction in mixtures of 
carbon monoxide, oxygen, hydrogen and nitrogen peroxide without any 
accompanying discontinuity in the values of the induction periods may be 
effected by dilution of the mixtures with inert gas or by suitable alterations 
in the concentration of either sensitizer. 

These facts suggest that isothermal self-acceleration and explosion due to 
chain branching does not occur below 650'' Cin mixtures of carbon monoxide 
and oxygen sensitized by nitrogen peroxide alone. With the addition of 
traces of hydrogen to the CO-O 2 -NO 2 system however, a new branching 
mechanism appears, and explosions preceded by induction periods can take 
place at temperatures more than 300® C below those required for ignition of 
pure carbon monoxide. 

Previous work by Buckler and Norrish { 1938 ) has shown that small 
quantities of hydrogen reduce the ignition temperatures of pure carbon mon¬ 
oxide and oxygen from above 650® C to about 460® C by introducing into 
the system the branching chain reactions responsible for explosion of oxy- 
hydrogen mixtures. It is well known that nitrogen peroxide reduces the 
ignition temperatures of hydrogen and oxygen from above 460® C to about 
300® C, hence it is reasonable to suppose that the catalytic influence of this 
substance on ignition in mixtures of carbon monoxide, oxygen, nitrogen 
peroxide and hydrogen is due to its ability to catalyse branching in the 
chain mechanism already made possible by hydrogen. It is concluded, 
therefore, that ignition in the present system between 300® C and 460® C is 
controlled by a chain-branching mechanism similar to that responsible for 
the nitrogen peroxide-sensitized explosion of hydrogen and oxygen, while 
at higher temperatures is regulated not only by this mechanism but also by 
the branching chain reactions occurring during explosion of oxy-hydrogen 
mixtures. 

By incorporating the mechanism proposed by Foord and Norrish { 1935 ) 
for the influence of nitrogen peroxide on the hydrogen-oxygen reaction into 
the theory developed by Buckler and Norrish ( 1938 ) for the ignition of 
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mixtures of carbon monoxide and oxygen containing hydrogen, it is possible 
to formulate a scheme which will account satisfactorily for the influence of 
nitrogen peroxide on the latter system and explain the slight differences 
observed in the characteristics of reaction in H 2 -O 2 -NO 2 mixtures and in 
CO-Hj-Og-NOj mixtures. 


Theory of reaction kinetics 

The general equation representing the rate of increase of centres in a 
chain reaction (Semenoff 1932 ; modified by Foord and Norrish i 935 )is given 

by 

^~==0^<l>n-Sn^, ( 1 ) 

where 0 = rate of production of chain centres by primary processes; 

(j) = difference between the probabilities of chain branching and 
deactivation exclusive of reactions of second order with respect 
to chain carrier concentration; and 
= rate of destruction of chain centres by self-neutralization 
I)roce88es. 

Imniediately after introduction of a mixture into the heated reaction 
vessel, the concentration of chain carriers increases exponentially until it 
attains a value at which reaction becomes detectable. Shortly after this 
point an equilibrium is imposed on the number of chain centres owing to 
operation of self-neutralization processes. The induction period r preceding 
detectable reaction may be derived from equation ( 1 ) as 

while the equilibrium concentration of chain carriers is given by 

( 3 ) 

when is large compared with $6. 

The work of Foord and Norrish kas shown that ignition sets in 

when the stable reaction consequent upon the equilibrium concentration of 
chain centres is sufficiently intense to impose adiabatic conditions in some 
favourable volume element of the reaction vessel. In other words, the general 
condition for ignition is 




( 4 ) 
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where is some critical concentration of chain centres, the value of which 
depends to some extent on the thermal characteristics of the gaseous mixture 
and the dimensions of the reaction vessel. 

The following assumptions will be made in developing expressions for the 
dependence of induction periods on experimental conditions, the nomen¬ 
clature being as closely as possible that employed by Foord and Norrish 
(I93S)- 


Initiation of cAains 

Chains are initiated by primary processes such as 

NO 2 -NO + O (k^). (1) 

Hranchmg of cluiins 

Oxygen atoms may be produced by either or both of the following chain¬ 
branching mechanisms; 

(a) Above about 300'' C a collision of an exothermic chain link and a 
nitrogen peroxide molecule may produce an oxygen atom without neces¬ 
sarily stopping the original chain, resulting in a nett branching if the oxygen 
atom starts a new chain or chains. The rate of production of chains by this 
mechanism may be represented as anc, where 

a — probability of chain branching, 

n = concentration of chain centres, 

c = concentration of nitrogen peroxide. 

,(6) Above 460" C a second mechanism of production of oxygen atoms 
may come into play 

H + 02 = H0 + 0. 

The rate of this reaction may be written as An[Og], where A is the pro¬ 
bability of the reaction. 


Propagation of chains 

Continued propagation of chains from oxygen atoms is possible only in the 
presence of molecular hydrogen by the reaction 

O + Ha-OH-hH (U (III) 

foUowed by OH + Hg - HgO + H, 

OH-fCO^COj + H. 


2-2 
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Chain ending 

(a) Chains may be terminated by a suitable collision between a chain 
carrier and a nitrogen peroxide molecule at a rate given by fine, 

(b) Oxygen atoms may be removed by reaction with nitrogen peroxide 

O + NO2-NO + O2 (k^h (II) 

(c) Oxygen atoms may be removed by diffusion to the surface and by 
reactions such as 

O + CO + itf-COa + Jlf, 

the rate of which together may be represented by ^ 4 [ 0 ]. 

(d) Other chain carriers may be removed by diffusion to the surface and 
by reactions such as 

H + Og + lf-HOa + if, 

the rate of which may be represented by yn. 

If the concentration of hydrogen is A, it follows that the instantaneous 
concentration of oxygen atoms is given by 


[ 0 ] 


_ kiC + anc+Anh [0,] 


k^h "f* k^ 

The rate of production of chain centres will be given by 
dn 


dt 


— k^ A[ 0 ] — fine—yn — fin®. 


( 6 ) 


Substituting from equation (5) we obtain 


dn _ ki k^hc fai;g^ + .4ifcsAtOj] 
di k2C + k3h + k^ \ k2C+\h + k^ 

which is of the same form as equation ( 1 ), where 



d = kjk^hc _ 

k2C + k2h + k2 

A = A._y 

A12C 4 “ k^k + k^ 

Below 460° C the probability A of the reaction 


( 6 ) 


(7) 


H + 0g*0H + 0 

becomes very small, and equation (7) simplifies to the same form as that 
deduced by Foord and Norrish ( 1935 ) for the value of the effective prob¬ 
ability of chain branching in oxy-hydrogen mixtures sensitized by nitrogen 
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peroxide. Above 600° C, however, the value of A is so large that in the 
presence of only small concentrations of hydrogen the term Ak^h[0^^ 
representing the rate of chain branching due to the presence of hydrogen, 
entirely predominates over the term ak^hc, which represents the rate 
of chain branching by the less efficient mechanism involving nitrogen 
peroxide. 

The effect of nitrogen peroxide 


When the temperature is below 460° C the value of ^ is given by 


<!> 


ak^hc 


-fic-y. 


(8) 


As shown by Foord and Norrish, insertion of this expression neglecting y in 
equation (2) leads to the following equation for the induction periods prior 
to ignition or slow reaction: 


where 

and 




Intr/l I 

/ic(k,-cr^[ ^ fcjijA 7' 

/ ^3 ^ ^4 

*5 = h. > 

, ock^h ^k^h ^k^ 

S- _ ^ 


(9) 


This expression provides for a decrease of r to a minimum value followed by 
an increase with increasing concentrations c of nitrogen peroxide in the range 
of conditions where ^ is positive, and will account satisfactorily for the 
form of the curves shown in fig. 5. 

The critical limits of nitrogen peroxide concentration between which 
induction periods are terminated by explosion will be determined by the 
values of c for which the value of </> given by the right-hand side of equation ( 8 ) 
exceeds a critical amount 9 ^^. It is to be expected that the critical intensity 
of reaction, determined according to equation (3) by required to imjxjse 
adiabatic conditions on the system, will be smaller the lower the thermal 
conductivity of the gaseous mixtures. Accordingly, the induction periods 
in the region of transition from ignition to slow reaction in sensitized mixtures 
of 200 + O 2 containing a small percentage of hydrogen should be much 
longer than those observed using oxy-hydrogen mixtures under similar 
conditions, since the thermal conductivity of the latter system is approxi¬ 
mately four times that of the former. This is confirmed by a comparison of 
the curves shown in fig. 6 with those obtained by Foord and Norrish ( 1935 ) 
using sensitized mixtures of hydrogen and oxygen at the same temperature 
and total pressure. The upper critical limit of nitrogen peroxide in the latter 
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system represents a boundary between a region of ignition and one of 
measureable slow reaction in which the induction periods have a duration of 
about 50sec,, while in the present system it is associated with a transition 
from a region of ignition preceded by induction periods up to 600 sec. to one 
in which steady reaction is so small that the length of the induction period 
and the moment at which chemical change begins cannot be determined. 

When the temperature is raised above 500^^0 the value of -4fc3A[02] 
in equation (7) entirely predominates over the ak^Jic term, and the value of 
(j) in mixtures containing no nitrogen peroxide is positive when 

Ak^h\0 ^\ 

a condition which is fulfilled at low pressures by all but the most minute 
values of h. Under such circumstances mixtures of 2004-02 sensitized by 
hydrogen alone ignite immediately on admission to the heated reaction 
vessel. When nitrogen peroxide is also present its catalytic action is masked 
leaving only the resultant inhibitory efiect, represented by the term /?c, and 
the variation of induction periods with concentration of the latter sensitizer 
is given by 



where X is a constant. This equation accounts satisfactorily for the form of 
the curve shown in fig. 6 for which the hydrogen pressure = 0*045 mm. Hg. 

When the concentration of hydrogen is less than that required to produce 
immediate ignition in mixtures admitted to the reaction vessel it is possible 
to demonstrate the catalytic effect of nitrogen peroxide, as seen from the 
remaining curves of fig. 6. Under such circumstances, however, the con¬ 
centration of hydrogen is so small that an insufficient number of free radicals 
is available to i)ermit continued propagation of reaction chains, and chemical 
change is restricted to a feeble flash accompanied by a negligible degree of 
combustion. 

The effect of hydrogen 

Examination of equation (7) will show that in mixtures containing a 
constant partial pressure of nitrogen peroxide, the value of ^ may be written 






where A:, = -j- 1 » 
’ aA!,c + .4A:g[Oj] 


cckgC+ 


and A:, = /ffc + y. 
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Variations in the logarithm term of equation (2) will not be important in 
determining the value of r when ^ has a finite positive value, and under such 
circumstances the variation of r with hydrogen concentration is given by 

const. 


This equation predicts that the curve relating r and h should be of approxi¬ 
mately hyperbolic form, that r should become small and constant as A is 
indefinitely increased, and that r^oo when h is reduced below a finite 
jjositive value. Furthermore, it will be seen from equation (7) that as h 
is decreased the value of <j) decreases steadily until, according to the general 
theory of ignition given by Foord and Norrish ( 1935 ), a point is reached at 
which the burst of reaction at the end of the induction periods is insufficient 
to establish adiabatic conditions and the concentration of chain centres 
settles down to a steady value due to oj>eration of self-neutralization 
processes. The deductions are in complete agreement with the experimental 
results shown in the two diagrams of fig. 3, which were obtained at 367® C 
and 500® C respectively, using mixtures of 2CO + Og containing constant 
concentrations of nitrogen peroxide. 


The effejot of tmier mpour 

Addition of water vapour to mixtures of carbon monoxide and oxygen 
increases the velocity of steady oxidation but has no effect on the limits of 
ignition (cf. Hadman etal 1932 a, b; Sagulin etal, 1930 ; Cosslett and Garner 
1930 ). It is evident therefore that while water vapour may supply free 
radicals necessary for continued propagation of reaction chains, it introduces 
no additional means of chain branching to carbon monoxide-oxygen 
mixtures. As was pointed out by von Elbe and Lewis (i937)> the “water 
gas*’ reaction 

CO^^H^O-COg + Ha, 

proposed by Hadman et al. ( 1932 a) as the primary process in the catalytic 
action of water vapour, must be rejected, since the subsequent reaction 

0 + H 2 = 0H + H 

would lead to multiplication of chains. It may be supposed that water 
vapour gives rise to an equilibrium concentration of H atoms and OH 
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radicals which facilitate the propagation of unbranched chains in carbon 
monoxide-oxygen mixtures by the following series of reactions: 

CO + OH = COjs + H + 24 kcal. 

H + Oa + il/ - HOa + if+ 44kcal. 

HOj 4 - CO - COj 4 - OH 4 - 66 kcal. 

It will be observed that since the thermodynamic equilibrium between 
H 2 O, H and OH is not affected by the presence of CO, no chain branching 
reactions can result from the above mechanism. 

However, the results shown in fig. 4 indicate that in the presence of 
nitrogen peroxide the reaction in moist carbon monoxide-oxygen mixtures 
assumes a self-accelerative character, manifested in the induction periods 
terminated by ignition. In such a system disruption of nitrogen peroxide 
into nitric oxide and oxygen atoms will occur by collision Avith excited chain 
carriers or exothermic chain links, and it may be supposed that subsequent 
multiplication of reaction chains may occur tlxrough the almost thermo- 
neutral reaction 

04-H20«20H. 

Thus the process of branching made possible by nitrogen peroxide will 
derive its energy from the exothermic character of the carbon monoxide 
oxidation. It may be noted that if later experiments confirm that the maxi¬ 
mum in the curve expressing dependence of reaction rate in CO-Oj-NOj 
mixtures on nitrogen peroxide concentration is due to the presen ce of water 
vapour, the kinetic mechanism outlined here would account satisfactorily 
for the form of the curves shown in fig. 8 , 

The effect of nitrogen and carbon monoxide 

As shown in fig. 7 the induction periods prior to ignition of mixtures of 
hydrogen and oxygen sensitized by nitrogen peroxide are gradually increased 
by addition of nitrogen, while explosion is eventually replaced by slow 
reaction. These results confirm those of Foord and Norrish ( 1935 ) who 
suggest that the quenching of ignition by addition of inert gases is due to an 
increase in the number of ternary collisions involving recombination of 
chain centres. It will be seen by reference to equation ( 3 ) that an increase in 
S will depress the equilibrium value n^ to which the concentration of reaction 
centres tends at the end of the induction periods. Addition of increasing 
amounts of inert gas will therefore eventually reduce the intensity of chemical 
change sufficiently to replace ignition by stable reaction. Theeffect of nitro- 



25 


A study of semitized explosions 

gen in increasing the induction periods indicates also that it has some small 
influence in reducing the effective probability of chain branching. 

It will be seen in fig. 7 that the induction periods of oxy-hydrogen mixtures 
sensitized by nitrogen peroxide and containing carbon monoxide, are 
generally shorter than those of similar mixtures in which carbon monoxide 
is replaced by the same quantity of nitrogen, while a greater pressure of the 
former gas is required than the latter to convert explosion into slow reaction. 
Since the physical constants of carbon monoxide and nitrogen are almost 
identical, any differences observed in the beha viour of mixtures containing 
these two gases must be ascribed to participation of carbon monoxide in the 
reaction chains. The initial decrease in the induction periods observed in 
mixtures diluted with increasing amounts of carbon monoxide suggests that 
in addition to its diluent effect, this gas also possesses a mild sensitizing 
action and tends to increase the probability of chain branching. It will be 
recalled that the mechanism of chain branching in this reaction involves 
disruption of nitrogen peroxide molecules by collision with excited chain 
carriers or exothermic chain links. Reference to the following table will 
show that carbon monoxide introduces into the system a series of elementary 
reactions which are more exothermic than any of the corresponding reactions 
involving hydrogen. 


H + Og + Jf = HOg + itf + 44kcal. j 
HO2 + OH = HjO -h O2 -f 57 kcal. j 
OH -f Hg = H2O + H + 15 kcal. 
O-fHo-OH + H + akcal. 


HO 2 + CO = CO 2 + OH + 66 kcal. 
OH + CO - CO 2 + H + 24 kcal, 

O + CO + Jf = COa + itf+127 kcal. 


It is to be expected therefore that participation of carbon monoxide in 
the reaction chains will increase the proportion of collisions between excited 
chain carriers or exothermic chain links and nitrogen peroxide molecules 
resulting in disruption of the latter into nitric oxide and oxygen atoms. No 
new chain-branching reactions are introduced by carbon monoxide, but it is 
seen that its presence facilitates the existing mechanism of multiplication of 
reaction centres. In terms of the foregoing theory therefore, addition of 
increasing amounts of carbon monoxide at first increases the value of a in 
equation (9) and later decreases the value of (}> and increases that of 8 by 
inert gas effects of similar nature and order of magnitude to those exerted 
by nitrogen. 
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Conclusion 

The resxaltw described above confirm the view that branching of reaction 
chains in mixtures of carbon monoxide, oxygen and nitrogen peroxide at 
temperatures below those required for ignition of pure carbon monoxide 
and oxygen is possible only when hydrogen or water vapour also is present. 
Traces of hydrogen reduce the ignition temperatures of carbon monoxide and 
oxygen from above 650 to about 470*^ C by introducing the branching chain 
mechanism responsible for ignition of oxy-hydrogen mixtures. Under the 
additional sensitising influence of nitrogen peroxide, ignition is possible in 
CO-O 2 -H 2 -NO 2 mixtures at 357'^ C, and appears to be controlled by the 
branching chain reactions responsible for the nitrogen peroxide-sensitized 
explosion of hydrogen and oxygen at this temperature. 

It also appears that steady reaction may occur above 420"^ C at high 
pressures in CO-Og-NOa mixtures which have been submitted to purification 
from traces of hydrogen. However, in view of the extreme sensitivity of the 
reaction to hydrogen or water vapour, it must at present remain undecided 
whether oxidation in mixtures of carbon monoxide and oxygen containing 
less than about 1-5mm. NOg proceeds by an inde})endent chain mechanism 
or whether it is conditioned by minute traces of such substances as hydrogen 
or water vapour which are known to catalyse chain propagation in such 
mixtures. 


yXTMMARY 

It has been found that nitrogen peroxide does not sensitize the ignition of 
pure dry (iarbon monoxide and oxygen, but that under the combined in¬ 
fluence of nitrogen peroxide and hydrogen explosions occur over 300° C 
below the temperatures required for ignition of the pure gases. The sensitized 
explosions are preceded by induction periods which at first decrease and then 
increase with increasing concentrations of nitrogen peroxide. The dependence 
of induction periods on concentration of hydrogen and presence of foreign 
gases has been studied and supports the view that explosion of CO-Og-NOa-Hj 
mixtures is due to a chain branching mechanism similar to that occurring in 
the nitrogen peroxide sensitized ignition of hydrogen and oxygen. At 500° C 
explosions also occur in CO-Og-NOa mixtures containing water vapour, by 
a chain mechanism in which it has been suggested that water catalyses chain 
pro})agation while nitrogen peroxide is responsible for chain branching. 

The work of Crist and others has shown that nitrogen peroxide induces 
steady oxidation in mixtures of pure 2 CO + Og at 750 mni. total pressure and 
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627^ C, and that its catalytic action falls into two parts: (1) a catalysia 
governed by the two homogeneous reactions 

CO + NOg-COg + NO, 

2NO + O2-2NO2, 

which are important when the concentration of nitrogen peroxide exceeds 
about 1*2 mm. ; (2) a catalysis at lower concentrations of nitrogen peroxide 
wliich passes through a maximum and has the characteristics of a chain 
reaction. These results have been confirmed using mixtures purified from 
traces of hydrogen. It was shown that the catalytic and anti-catalytie effects 
of small concentrations of nitrogen peroxide in this reaction is not dependent 
on the presence of traces of hydrogen. However, in view of the extreme 
sensitivity of the reaction to the presence of the free radicals H and OH 
derived from water, wtiich are known to catalyse the propagation of straight 
chains, it is believed that the catalysis has its origin in a branching reaction 
introduced by the nitrogen peroxide, identical in characteristics with that 
operating in the catalysis of oxydiydrogen mixtures by nitrogen peroxide, 
i.e. by its dissociation through participation as a third body in some exo¬ 
thermic link of the chain. Also, if complete dryness were possible it is to be 
expected that the catalytic and anti-catalytic effects of nitrogen peroxide at 
small concentrations of the latter would disappear. 

The results obtained using C 0 - 02 “N 0 a-H 2 mixtures furnish another 
example of a reaction in which the probability of chain branching is small 
and under precise control, and support the view that the ultimate cause of 
ignition is a disturbance of thermal equilibrium in some favourable volume 
element of the reaction vessel. 
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Introduction 

Measurements of the mobility of gaseous ions carried out in the Wills 
Laboratory at Bristol have shown that a positive ion which at birth is a 
charged atom or molecule remains in its monomolecular state when the gas 
is pure. The relation between the mass of the ion and its mobility has been 
determined in a number of gases. In the presence of polar impurities each 
ion collects a cluster of molecules of impurity, so that it moves more slowly 
in an electric field. The purpose of this paper is to describe experiments made 
to study the formation of the clusters and the number of molecules they 
contain. 

Early experimenters measured the mobility of clustered ions, but their 
values cannot be used for this purpose because the nature and concentration 
of the impurities present were unknown and uncontrollable. The only way 
of studying the problem is to use an apparatus made entirely of glass and 
metal, cleaned by a “ bake out ” and with tap grease and other contamination 
excluded. Controlled amounts of a known polar impurity can then be added 
to the pure gas. The experiments here described have been made at room 
temperature on the alkali positive ions in the inert gases "with water vapour 
08 the polar impurity. 




The mobility of alkali ions in gases 

Method akd pboceddrb 
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The procedure adopted may be followed from fig* 1 . iS is a source of 
positive ions from a hot surface surrounded by a cooling jacket not shown 
in the figure. These ions are dragged through a grid 0^ into an “ageing” 
field El between and O 2 maintained uniform by guard rings at inter¬ 
mediate potentials. The time spent by the ions in this region and hence the 
number of collisions they make with molecules of impurity when these are 
present will depend upon the values of the concentration, field, gas pressure 
and mobility. At G 2 they enter the mobility measuring chamber which we 
shall call the analyser. 0^ and G^ diagrammatically represent shutters 
which periodically open and close with a frequency p. The details of their 
action, which is electrical and not mechanical, are given in previous papers 
(Tyndall and Powell 1930 ). 



When opens a thin layer of ions is transmitted and travels to in a 
steady uniform field E^, If when this layer arrives G^ is open, the ions pass 
on to the electrometer. If G^ and O 3 work 180° out of phase, then the 
condition that the layers shall be transmitted through G^ is that the ions 
shall travel from G^ to G 3 in §, f. periods of the oscillation. If, therefore, 
the electrometer current ia plotted with v a series of peaks are obtained which 
may be conveniently referred to by the optical analogy as orders in the 
mobility spectrum. If the ions in the layer are of more than one type, each 
type will give its own series of peaks. The conditions necessary to secure 
maximum resolving power for the separation of the component groups have 
already been discussed (Powell and Brata 1932 ). 

Some earlier observations (Powell and Brata 1932 ) on sodium ions in 
nitrogen containing a trace of hydrogen gave evidence of the existence of an 
ion of mass 40 presumably due to the production of ammonia at the hot 
surface of the source and the attachment of one molecule to give an ion 
Na+{NH 3 ). Some indication was also obtained of the presence of a smaUer 
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number of ions with two ammonia molecules attached. It was therefore 
hoped that by varying either the life of the ion in the presence of water 
vapour impurity or the concentration of the impurity, the mobility spectrum 
might be used to watch the growth of a cluster up to its full complement of 
molecules. Unfortunately, it was impossible to construct the apparatus so 
that the time of measurement was small compared with the previous life of 
the ion. But, from the results given below, it will be seen that this has no 
serious consequences. 


Experimental details 

The dimensions of the apparatus were as follows: 

SGi = 2mm., = 3cm., O^G.^ = 1 cm. 

The shutters G^ and G^ each consisted of grids 1 mm. apart. The external and 
internal diameters of the guard rings were 4 and 1 cm. respectively. The 
diameter of the pyrex container was 6 cm. The pressures employed were of 
the order of 4 to 2 mm. in Xe and of 25 to 5 mm. in He. The frequencies 
employed ranged from 120 to 2kc. 

To avoid contamination by vapours from tap grease which might contri¬ 
bute to the clusters, no taps were included in the apparatus except in the 
pumping plant. The admission of gas and of water vapour was all controlled 
by mercury U-tube cut-offs. 

Previous exj)eriments in this laboratory on alkali ions had been carried 
out with Kunsman sources. But some preliminary measurements with a 
Cs source of this type showed that it strongly decomposes water vapour, 
owing presumably to chemical action by its hot iron oxide surface. In one 
case in pure water vapour at a few mm. pressure, as much as 30 % decompo¬ 
sition occurred in a 10 min. run. With a lithium source it would have been 
even worse because a higher source temi)erature is necessary. Since it takes 
this time to make a mobility measurement, the use of such sources was 
therefore out of the question. 

Blewett and Jones (1936) suggested a glass source for lithium ions which 
is far more satisfactory. We have successfully extended their method to the 
preparation of similar sources of all the other alkalis. The glass was a melt 
of AI2O3, SiOj and the oxide of the appropriate alkali in the proportions of 
1 to 2 to 1 by weight produced by heating aluminium nitrate, alkali carbonate 
and powdered quartz with a blowpipe in a carbon crucible until the greater 
part of the COg and water had been given off. The glass bead then formed was 
powdered and reheated several times. After a final powdering it was pasted 
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into a tungsten spiral which had been flashed in vacno^ using water as a binder. 
A current through the spiral caused the powder to fuse into a bead of about 
2 cu. mm. volume around the wire. After a preliminary ageing to remove ions 
of heavier alkalis, such sources gave pure and steady emission of the order 
of 2/tA for hundreds of hours. Also, the 30 % decomposition recorded with 
a Kunsman source was reduced to 0-2 % with a caesium glass source and to 
1 % with lithium. This reduction is no doubt due to the different nature of the 
surface and to its lower running temperature. But it was important that the 
products of even slight decomposition should not be allowed to accumulate 
in a succession of experiments. A tungsten spiral at yellow heat was there¬ 
fore run in a side tube in another part of the apparatus. At its siufaoe a 
balanced reversible reaction between oxygen, hydrogen and water will 
occur. By cooling the lower part of the tube containing the spiral in liquid 
oxygen so as to condense the water which is formed, practically the whole of 
the oxygen and hydrogen can be recombined. This treatment was of course 
carried out after and not during a mobility measurement. When the heating 
current was cut off and the liquid oxygen bath removed, the water content 
of the gas was restored to its original value by evaporation. The hot spiral 
also served another purpose by removing small traces of oxygen which 
accompany the emission of ions from this type of source. If these are allowed 
to accumulate they reduce the life of the source by oxidising the exposed 
parts of its tungsten leads. 


Dktkrmination of water concentration 

Only approximate estimations of most of the small concentrations of 
added water vapour can be given for the following reasons. When a small 
trace of water vapour was first admitted to the baked out apparatus 
no pressure was recorded because practically all of the water was taken up 
in an adsorbed film on the walls. For instance, in order to secure a vapour 
pressure of 0-007 mm. it was necessary to add between four and five times 
this amount to the apparatus. For the measurement of vapour pressure a 
McLeod gauge is not suitable because owing to increase of surface adsorption 
when the water vapour is compressed its full pressure is not recorded. A 
t3rpe of Rayleigh gauge, used by Schrader and Ryder (1919), with an optical 
level method of magnifying the movement of a mercury surface in a large 
U-tube was therefore employed, by which McLeod gauge readings were 
calibrated over a range of pressures; but the gauge was not as sensitive as 
could have been wished at the lower pressures which are therefore subject 
to some error. The lowest concentration was obtained by using a side tube 
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containing ice immersed in a bath of COj slush at — 78 °C so that the 
apparatus was filled with the pressure of saturated water vapour at this 
temperature. The value of this pressure given in standard tables is 0 * 0004 mm. 

The procedure adopted was to add the vapour in the first cose to an 
evacuated apparatus, measure its pressure and then add gas. The further 
assumption, which may not be justified, has to be made that the addition of 
gas does not alter the water vapour concentration by altering the conditions 
of its equilibrium with the adsorbed film. Another possible source of error 
may arise at low concentrations. When the source is running, the surfaces 
in its immediate neighborhood may be slightly raised in temperature 
despite the surrounding cooling jacket. If so, some evaporation may take 
place from the adsorbed film and increase the concentration above its 
measured value in the region where ageing of the ion occurs. 

Results 

Having selected a given concentration of water vapour a series of current 
frequency graphs were obtained for different values of ageing field and 
measuring field JSJg. We shall first consider the results obtained when and 
J&2 were varied in the same proportion. In order to differentiate this case from 



Fig. 2. Mobility of ions cliistered in argon. 

others in which E^ and were varied separately, this value of will be 
called J 5 . In the general case, ions of lower mobility than that of the alkali 
ion wore found, indicating the formation of a cluster. A typical caae is 
shown in fig. 2 in which the value of the mobility of the Li+ clustered ion in 
argon is plotted against Ejp, where p is the pressure of the inert gas. These 
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graphs were obtained with concentrations of water vapour varying from 
0*008 to 2*8 %. The values of the mobility which are plotted are the measured 
values corrected for the fact that the presence of the water vapour slightly 
alters both the density and the dielectric constant of the gas. Blanc’s 
reciprocal formula for mobility in mixed gases allows this correction to be 
made with reasonable accuracy provided the concentration of water is 
small. The correction for the lowest water concentration was negligible; 
for 1 % water it was 2*3 %. 

The form taken by these graphs will be discussed later in the paper, but it 
wdll be noticed that whatever the concentration of water vapour they all 
converge to the same value of mobility at E/p ^ 0 . We may conclude from 
this that an ion in thermal equilibrium with the gas acquires a cluster of 
water molecules, the size of which is indejwndent of the concentration of 
water vapour within the limits used in these exi)eriments. We may assume 
that as the cluster grows the binding energy for each additional water 
molecule decreases so that a state of dynamical equilibrium is finally reached, 
the size at any given instant fluctuating about a mean value. Table I gives 
the mobilities so obtained for all the alkali ions in all the inert gases with the 
exception of K ^ and Cs^ in Kr. The values of the mobilities of the pure 
unclustered ions are also included for comparison. In a few cases the latter 
differ from those published earlier, but the differences are in the main very 
slight. It will be seen that all the alkali ions can collect a cluster in the 
presence of water. 

Table L Values of mobility of alkau ions 

(a) Unclustered ions; (6) Clustered ions 



He 



Ne 

A 

—_A_ 


Kr 


Xe 

Ion 


1?) 

(a) 


(a) 

(ft) 

(a) 


{a) 


Li 

26*6 

11*7() 

11*8 

6*28 

4*99 

2-26 

3*97 

1*46 

3*04 

0*98 

Na 

24*2 

11*15 

8-70 

6*25 

3*23 

2-25 

2*34 

1*43 

1*80 

0*94 

K 

22*9 

11*85 

8*0 

5*26 

2*81 

219 

1-98 


1*44 

0*92 

Rb 

21*4 

12*8 

7*18 

5*38 

2*40 

2-10 

1*57 

1*37 

MO 

0*87 

Cs 

19*6 

13*4 

6*60 

5*48 

2*23 

218 

1*42 

— 

0*97 

0*83 


In certain cases we may go further than this and deduce an upper limit to 
the number of water molecules in this cluster. In fig. 3 the relation found 
experimentally (Tyndall and others 1938) between the mobility k of an ion 
and its mass, is shown for the alkali ions in all the inert gases, being 
plotted with IjM. Langevin pictured an ion as being deflected by polariza¬ 
tion forces due to the effect of its field on the gas molecules as well as making 
actual collisions with them. The polarizability of an inert gas atom increases 
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with its mass, In the heavier gases the effect of the polarization forces is 
much more important than that of direct collision which results from the 
size of the colliding jmrticles; but this is not the case in neon and helium. It 
has been previously shown that it is in accordance with this theory that in 
A, Kr and Xe, is approximately a linear function of 1 /ilf, while this is not 
so in Ne and He. 



Flo. 3. Variation of mobility of alkali ions with the mass of the ion {M) 
in the inert gases. 

In certain cases these graphs may be used as a type of mass spectrograph 
to determine the mass of other ions from their mobility. In the case of a 
clustered ion this is not justifiable because it cannot be assumed that its 
mobility is the same as that of a monatomic ion of the same mass. It will in 
fact be smaller, due to the increased size effect, the difference being least for 
the heavier gases and greatest for helium. 

But if the value of the mobility of a clustered ion falls on the graph, the 
corresponding value of l/M will set an upper limit to its mass expressed as 
that of the cluster, alkali ion -f WH2O. Table II gives the values of n deduced 
in this way for a number of clustered ions in argon and krypton, and xenon. 
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The values for rubidium and caesium are doubtful, due to the error which 
necessarily arises in the estimation of a difference between two heavy masses 
as deduced from their mobilities. It will be seen from the rest that the value 
of n is of the order of six. 


Table II. Number of water molecules m a clustered 
ION (upper limit) 


Gas 

Li 

Na 

K 

Rb 

Cs 

Argon 

6-4 

5*7 

5*2 

6*5? 

2*5? 

Krypton 

6*9 

6*8 


4*6? 

— 

Xenon 

6*4 

0*6 

«*4 

6*3? 

6*7? 


In helium and neon the form of the graphs in fig. 3 is not such that 
extrapolation can be safely carried out and no estimate of n is therefore made. 
But an interesting result is shown in Table I in the columns of mobilities of 
clustered ions in these gases. In helium, in passing through the alkali series, 
the value of the mobility is a minimum with sodium ions, and Rb and Cs 
clustered ions both travel faster than those of lithium. A smaller effect in the 
same direction is found in neon and, unless the Rb value is in error, in argon 
also. This strongly suggests that as the size of the alkali ion increases the 
average number of water molecules it retains decreases owing to the decrease 
in the attractive field at its surface. In fact, it seems probable that the agree¬ 
ment at w — 6 for a number of ions in Table II is fortuitous and that if the 
size effect was allowed for, the value of n would vary in the same way in all 
gases. It is interesting to note that in electrolytes the mobility of the alkali 
ions increases with the atomic weight of the alkali. 

It has also been shown (Tyndall 1938) that the classical theory of Langevin 
gives satisfactory quantitative agreement with experiment in the case of 
monatomic ions in the heavier inert gases. But to apply it to a cluster we 
must know the value of (t, its least distance of approach to a gas atom, and 
the calculation is sensitive to the value of cr chosen. A rough estimate gives 
n 4 . for Li'*" in argon instead of 0. It is interesting that Bernal and Fowler 
(1933) deduced this value for Li+ in electrolytes. They also concluded that 
with Cs"^ the binding energy was not sufficient for the ion to form stable 
molecules with water. But in gases n cannot be zero because the mobility 
of the caesium ion is reduced when water is present. 

Let us now return to fig. 2 and consider the results at higher values of the 
field. At high values of E and a low concentration of water vapour the ions 
will make very few collisions with water molecules. If the life of the ion in 
the mixture is gradually increased by reducing the field, we might have 
expected ions with 1, 2, 3 or more attached molecules to appear in succession 


3-2 
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and give evidence of their presence in the electrometer current ftequency 
graph. It was found instead that, although some dozens of oases have been 
tested, the number of groups of ions present in detectable quantity were 
never more than two. At very high fields only one group existed in the form 
of unclustered alkali ions; at low fields again only one group, in this case all 
clustered. At intermediate values one of the two groups consisted of un¬ 
clustered alkali ions and the other clustered. 



frtHjuoncy (arbitrary units) 

Fia. 4. Li+ in A + 0* 1 % HgO. Fig. 6. K+ in He + 0 09 % H,0. 

(a) expt^rimental graphs, (h) and (c) components of experimental grapha. 

Typical current frequency graphs are shown in figs. 4 and 6 for Li'^ in 
argon + 0-1 % HgO and K+ in He 4- 0*09 % HgO. In each case the upper graph 
(a) is the experimental result; the experimental points are not shown because 
the graph follows them very closely even when plotted on a much larger 
scale. This graph may be analysed into the two groups, (6) metal+ and 
(c) metal“^^(wH20), shown in the two lower graphs. The analysis is done by 
inspection but it is not arbitrary. Thus it is known where the unolustered ion 
should come on the frequency scale if it is present. If it appears to be present 
in one order then it must also be present in other orders of relative heights 
known with reasonable accuracy in a given apparatus. The frequency at 
which a given order of a clustered ion should occur is not known but when 
this simple analysis brings up a series of orders at frequencies in the ratio 1, 




37 


The mobility of alkali ions in gases 

3 , 5 , 7 ,«.., and with peaks of the correct relative heights, one has confidence 
in saying that the mobility of the clustered ion is determined- 
The presence of other groups of ions is not entirely excluded. Separate 
peaks with a height of 10 % or even less than that of the main peaks should 
have been detectable in the lower orders. But a similar group might well 
escape detection if its mobility was so near to that of a main group that the 
separate peaks were not resolvable in the lower orders. It can, however, be 
said that a large majority of the clustered ions are found in one mobility 
group. 



Elp 

Fig. 6. Li+ in argon. 

Two effects occur as the value of the field is raised. First, the fraction of 
clustered ions in the stream decreases, the value at a given field depending 
upon the concentration of water vapour. A typical case is shown in fig. 6 for 
Li-^^ in argon. At E/p = 0 the fraction is unity but subsequently falls rapidly 
at the low concentrations of water and less rapidly as the concentration is 
raised. Secondly, the mobility of the clustered ion rises with increase of 
field (fig. 2). 


Discussion and fukther experiments 

The simplest way of explaining these results is to assume that at a collision 
the probability of attachment of the first water molecule to the ion is much 
less than that of a subsequent molecule; but that having attached the first 
molecule, the cluster quickly builds up to a given size. At a given field a 
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number of ions may reach and pass through the analyser without having 
clustered, in spite of the collisions they have made. This follows if the 
attachment of the first molecule required the presence of a third body to take 
oflF the excess energy liberated, If an alkali water molecule is then formed 
further attachment is far more probable, first, because the collision cross 
section is now increased and, secondly, because the excess energy may now 
be taken up in internal energy of the cluster, to be handed on in some later 
collisions with other molecules. 




Fic. 7. Li"*' in Ho; = 1-2 x 10"’^ mm.; p, O == 2*27, • = 3*94 mm. 

K+ in A; p'(HjO) =: 2 x 10 “* inm.; p, O - 4*30. # = 9*03 mm. 
0363 , Na+ in A; p'(HjO) = 2 6 x 10“* nim.; p, O = 2*38, • = 4*26 mm. 


Since the fraction of water molecules in the gag is small the third body 
referred to would be a gas atom in nearly every case and for a given water 
concentration the probability of attachment should be proportional to the 
gas pressure, p. To test this conclusion some results are shown in fig. 7 , aj, 
and fitg, in which the value of the fraction of ions clustered (C) is plotted with 
Ejp for two different values of p, the water concentration being kept constant. 
It will be seen that the fraction clustered increases with the gas pressure. 
Also, if the fraction is plotted against Ejp^ thereby reducing the results to a 
common gas pressure the points now lie on a common graph (fig. 7 ,63 and 
a result which is in quantitative agreement with the three body hypo¬ 
thesis. It is true that the graphs are not of a strict exponential form to be 
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expected on this simple assumption but we do not feel that this vitiates the 
conclusion. 

In order to explain the increase in mobility of the clustered ion with 
increasing field we make the following suggestion. At very low values of Ejp 
the energy of thermal agitation of the ion is sensibly the same as that of the 
gas molecules in its neighbourhood. The number of molecules of water in the 
cluster will fluctuate about a mean value determined by the mean energy of 
the colliding particles, i.e. by the temperature; the number should fall with 
rise of temperature. At higher values of Ejp the energy of drift of the ion in 
the direction of the field increases and its consequences can no longer be 
neglected. Thus at Ejp = 20 a lithium ion in argon acquires a drift energy 



Fig. 8 , • Caesium ions in xenon +0*6% water vapour; O cw^siuin ions in xenon. 

of 0*032 eV as compared with the normal energy of thermal agitation at 
room temperature of 0*034 eV. As an accompaniment of this drift energy 
it must also acquire a higher energy of thermal agitation, characteristic of 
a gas at a higher temperature and not of the gas in which it is moving. This 
increased energy may be expected to alter the equilibrium conditions so 
that the average number of water molecules attached to it decreases and its 
mobility consequently increases. It is therefore suggested that the rise in 
mobility which is found with increase of E/p (fig. 2) is due to a reduction in 
the average size which the cluster attains in its motion in the field. In fact, if 
the value of Ejp is raised sufficiently the ion may not be able to retain any 
water molecules for an appreciable time so that no cluster is formed. 

Some support for this view for Cs“^ ions in Xe containing 0*6 % H^O is 
given in fig. 8 in which the values of mobility of both clustered and un- 
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clustered ions are shown. It will be seen that as Ejp increases the graph for 
clustered ions appears to merge gradually into the horizontal line for un¬ 
clustered ions suggesting that the number of water molecules in the cluster 
then approaches zero. 

Finally, it has been shown that the above results are not seriously in¬ 
fluenced by the fact that the time spent in the analyser is not a negligible 
fraction of the life of the ion; in other words, by changes which may take 
place in the ion stream while it is l>eing analysed. The probability of attach¬ 
ment within a distance d from the source is given by 1 —where a 
depends upon the speed and the gas and water concentrations. The fractions 
plotted in fig. 6 refer to the composition of the ionic stream as it leaves the 
analyser. The relative numbers of clustered ions entering and leaving the 
analyser will depend upon the values of and used. If we apply this to 
the cases discussed above, where E^ and E2 wore altered in the same ratio, 
El = O’GOJS/g, it is found that the amount of clustering in the analyser itself 
should never be more than 8 %, the maximum occurring in the neighbour¬ 
hood of 60 % clustering. 

When EJE^ is high the error would be greater and the results under these 
conditions have been discarded. When Ei is low practically all the ions 
arrive at the analyser in the fully clustered state. By varying E^ the change 
of mobility of the clustered ion as its speed is increased may then be studied. 
It is to be expected that owing to the accompanying increased thermal 
agitation the equilibrium size of the cluster would be reduced but that the 
number of clustered ions would not be sensibly reduced until they started 
to shed their last water molecule at high values of E^- Without recording 
details, it may be said that full confirmation of this view has been obtained, 
the sharpness of the peaks observed indicating that equilibrium is attained 
very quickly after entry with the analyser. 

But if a quantitative comparison is made between the observed amount 
of clustering at a given concentration and the amount to be expected on 
theoretical grounds, a serious discrepancy appears. Simple calculations from 
kinetic theory, neglecting the effect of attractive forces on the collision 
frequency, show that at the gas pressures and fields in use a three body 
collision during the life of the ion would in general be a rare ocourrence. Thus 
for 0*005 % water in Xe at a pressure of 2*27 mm, the chance of a lithium 
ion making a three body collision is of the order of only 10”* rising to 2 x 10”* 
for 1 % water. The effect of the attractive field of the ion, ignored in this 
calculation, would be to produce a local concentration of gas and water 
molecules in the vicinity of the moving ion. But its domain would be very 
restricted, more so because most of the permanent dipoles of the water 
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molecules are spirming so that the force falls off with the inverse fifth power 
of the distance except at very short distances. Consequently, although by 
introducing an attraction factor we might explain the results at high water 
concentrations, it does not seem possible to explain the relatively high 
probability of attachment at low concentrations without some considerable 
modification in our picture of the process. 

It has already been mentioned that owing to some evaporation of a surface 
film near the source the low concentrations of water vapour may have been 
under-estimated and that additional coUisions with water molecules may 
have taken place in the early life of the ion. But even if complete evaporation 
took place the pressure would not have been raised more than a few-fold and 
this factor is not enough to account for the results. Moreover, the graphs 
were not influenced by raising the field in the immediate neighbourhood of 
the source, between 8 and where the rise of surface temperature was 
greatest. This result also showed that the space charge in the neighbourhood 
of the source was not high enough to retain the ions for an appreciable 
time during which additional collisions could be made. The quantitative 
aspect of the problem is therefore still incomplete. 

We wish to thank the Colston Research Society of the University of 
Bristol for a grant in aid of this work. 


Summary 

The formation of dusters by the attachment of water molecules to alkali 
ions has been studied by measurements of the mobilities of these ions in the 
inert gases when small concentrations of water vapour are also present. In 
helium and neon the mobility of the clusters passes through a minimum as 
the mass of the alkali ion is increased. Thus the sodium clustered ion has the 
least and the caesium clustered ion the greatest mobility in the series, which 
suggests a decrease in the equilibrium number of attached molecules with 
increasing radius of the alkali atomic ion. In argon, krypton and xenon an 
upper limit of six molecules can be assigned to the number of water molecules 
in the cluster and the true number is probably less than six. 

The process of clustering has been followed by passing the ions through an 
ageing field and then measuring their mobility. Only two groups of ions 
were found, one consisting of clustered ions and the other of unclustered, 
their relative numbers depending on the time spent in the ageing field and 
the concentration of water vapour in the gas. By varying the conditions the 
fraction of clustered ions could be varied from unity at very low ageing fields 
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to zero at high fields. These results follow if a three body collision between 
an ion, a gas molecule and a water molecule is necessary for the attachment 
of the first water molecule but that having attached the first molecule the 
cluster quickly builds up to a given size. Experimental work at different gas 
pressures supports this view. 

With increasing field the energy of agitation of an ion must increase in 
association with its velocity of drift in the direction of the field. Since this is 
equivalent to a local higher temperature one would then expect a reduction 
in the number of water molecules that an ion can retain in attachment. It is 
found, in agreement with this view, that with increase of field the mobility 
of the clustered ion at a given gas pressure increases and gradually approaches 
that of the unclustered ion. 

The pai>er contains a table of mobility values for all the alkali ions in all 
the inert gases, together with those for most of the water clusters of maximum 
size. 
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II. The attachment of inert gas atoms to alkali ions 

By R. J . Mukson and K. Hosbutz 
H, H, Wills PhysicAil Laboratory^ University of Bristol 

{Communicated^ by A, M. Tyndall, F.RM—Received 18 April 1939 ) 

During the course of some measurements of the mobility of lithium ions in 
xenon, it was observed that with small fields an ion of low mobility appeared 
in addition to the normal lithium ion. The first interpretation to suggest 
itself was that the molecules of a polar impurity in the gas were responsible 
for the formation of a clustered ion. But despite repeated attempts at 
purification this ion did not disapj>ear, and since it could be partially 
suppressed by reducing the pressure or increasing the fields, it was not 
studied in detail at the time. However, during a later investigation by 
David and one of us (K. H., impublished) with lithium ions in helium 
at liquid hydrogen temperature, conclusive evidence was obtained of a 
similar Imavy ion at low fields. In this case there was no possibility of the 
ion picking up polar molecules of imjmrity since these would all be frozen 
out. The helium used was also claimed to be spectroscopically pure, so that 
undoubtedly the heavy ion arose from the attachment of helium atoms to 
the lithium ion. The polarizability of an inert gas atom increases with its 
atomic weight, so that on general grounds one would expect that the 
temperature range over which clusters of these atoms with a lithium ion 
could be detected would also increase with the atomic weight of the gas 
atom. The fact that clustered ions were observed in xenon at room tempera¬ 
ture is therefore understandable, if they consisted of one or more xenon 
atoms attached to a lithium ion. Subsequent experiments were therefore 
undertaken in the other gases and the results are recorded and discussed 
below. 


Expekimisntal 

The procedure followed was that given in Part L In addition to the 
measuring tube there described, another one was used, which was specially 
designed for work at low temperatures and similar to the one used by 
Pearce (1936). The existence of clusters in certain cases was found from the 

[ 43 ] 
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analysis of the electrometer current-frequency curves* An example is given 
in fig. 1 (a) for lithium ions in xenon, the analysis into its components being 
shown in fig. 1 (6) and (c). As in the case where clusters arise from the 
presence of water vapour, only two groups were found, one (6) of clustered 
and the other (c) of unelustered lithium ions. By making an analysis of the 
ion stream over a range of values of Ejp —using the notation of Part I— 
within which the cluster appeared, and extrapolating to Ejp = 0, we can 
deduce the fraction C of ions clustered, and also the mobility of the cluster 
when the ions are in a state of thermodynamical equilibrium with their 
surroundings. 



frequency (arbitrary units) 

Fjg. 1. Lithuim ions in xenon at room temperature and low E/p, (a) Exx>orimental 
graph; (6) and (c) components of experimental graph. 

Table I gives the temperatures at which the clusters were looked for in 
the various gases and summarizes the results obtained for the equilibrium 
state at these temperatures. The ratio of the mobilities of the unelustered and 
clustered ions are given together with estimates of 0/1 —C. As stated in 
Part I, if the current carried by either ion was less than 10 % of the whole, 
it might have escaped detection. For instance, the statement that in neon 
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at 195 °K < 7 / 1 -“C'< 1/10, means that no clusters were detected at that 
temperature; similarly at 90 “K in this gas, Cj\^C> 10 implies that no 
unclustered ions were observed. It will be seen that the greater the atomic 
weight of the gas atom, the higher is the temperature at which it will form a 
cluster with a lithium ion. An attempt was made to observe a cluster with 
potassium ions in argon, but without success even at liquid nitrogen 
temperature. Lithium ions in argon readily formed clusters at 195 “K, so 
that evidently the difference in behaviour in these two cases is due to the 
difference in the sizes of the potassium and lithium ions. 


Table 1 



Toinp. 

^lon 

C 




Gas 

'’K 

^clust 


n 

r 

eV 

Ho 

20 

MO 

>3 

1-8 

1 

>0-016 


77 


m 


1 

N007 


90 


<1 


1 

<0-08 

No 

90 

1-98 

>10 

? 

3? 

>0-13 


195 


<1/10 


1 

<0-16 

A 

195 

2-38 

> 10 

2*7 

2 

>0-25 


290 


<1/3 


1 

<0-29 

Kr 

290 

309 

>10 

2*6 

2 

>0-31 


360 


<2 


1 

<0-35 

Xe 

290 

3-84 

>20 

2-6 

2 

>0-42 

A 

77 


<1/10 


1 

<0-06 


Following the argument given in Part I an upper limit to the average 
number of atoms attached to the ion, n, may be estimated in certain cases by 
neglecting the effect on its mobility of its increased size. Values of n so 
deduced are recorded in Table I, but it must be pointed out that these only 
apply at the temperatures given, since n must be a function of temperature. 

In argon at 195 “ K and krypton and xenon at room temperature, the 
value of n hes between 2 and 3 . It therefore seems reasonable to assume that 
when an allowance is made for the size effect, the probable number of gas 
atoms attached is 2. In neon it has previously been shown that the size 
effect is much more serious, and no reasonable estimate of n can be deduced. 
The size effect should be even larger in hehum, so that the estimate given at 
20 “ K, viz. 1*8, can only mean that the cluster contains on the average one 
atom. 

In helium the limits set to Cjl — C are less definite than those in the other 
gases for the following reason. In neon, argon, krypton and xenon the 
resolving power of the apparatus is sufficient to give a distinct separation 
between the peaks produced by clustered and unclustered ions, so that both 
can be readily observed when present together. This was not possible in 
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helium as only one set of peaks was found. The evidence for the existence of 
the cluster and an estimate of C/1 - C was indirect and obtained fipom the 
results shown in fig. 2, in which the mobility of the ion deduced from the 
peak frequency is plotted with Ejp, at a temperature of 290 ° K in (a) and 
20° K in (6). 



P’lo. 2. (o) Li+ in Ho at 290° K; (6) I.,i+ in He at 20° K. 

It has been shown by Mitchell and Ridler (1934) in nitrogen and by one of 
us (Munson unpublished) in the inert gases that the mobility of an ion is 
constant below a certain critical value of Ejp above which it varies linearly 
with Ejp. For this reason graph (a) at room temperature is interpreted as 
two straight lines intersecting at about Elp — 2-6, although in tlus case the 
accuracy of the experimental points may not appear to justify it. At 20° K 
the graph is of the same type above Ejp — 17 and since the impublished 
work also shows that the critical value of Efp rises as the temperature falls, 
we are justified in assuming that the mobility measured between Ejp = 17 
and Ejp = 28 is that of the unclustered ion at this temperature. Below 
EIp = 17 the mobility starts to decrease and then seems to tend again to a 
constant value near E/p = 0. This we assume to be the mobility of the 
clustered ion, although the value of the peak frequency from which it was 
derived may be slightly affected by the presence of some unclustered ions as 
well. However since there was a definite indication of a cluster at 77 ° K, it 
seems almost certain that there were very few unclustered ions at 20° K. 

In Part I the role played by three body colUsions in the mechanism of the 
formation of water clusters was discussed. In view of the fact that xenon 





47 


The mobility of alkali ions in gases 

readily forms clusters with lithium ions at room temperature, experiments 
were carried out both in helium and in argon using xenon as an impurity in 
place of water vapour. By this means conclusive evidence has been obtained 
that the xenon cluster is formed by a triple collision in which the third body 
can be a second xenon atom or either an argon or helium atom. 

Let p denote the total pressure of the mixed gases, p' the partial pressure 
of xenon, and r the time spent by a lithium ion in reaching the analyser. 
Then it can be shown that the fraction C of ions clustered on arrival at the 
analyser is given by 

(7 = ( 1 ) 

where fi may be a function of a number of quantities depending on the 
mechanism of attachment. If, for instance, a third body is necessary for 
cluster formation, and no atom but xenon can be effective in this way, then 
/? is proportional to p\ or if any atom can be effective is proportional to j). 



jyp'r X 10® 

Fig. 3. ® He + Xe; • A-fXe; x Xe. 

To test these conclusions p was varied from 15 to 3 mm. and from 0-4 to 
2'6 mm. in the helium mixtures; in the argon mixtui-es the ranges of pressure 
were much smaller. Fig. 3 shows the observed value of C plotted against 
pp'r, the circles and dots referring to Lithium ions in Ho-Xe and A-Xe 
mixtures respectively, and the crosses in pure Xe. Considering the widely 
different conditions, the scatter of pointe around the smooth curve given by 
0 = 1 - is small. Of the other possible expressions for /?, none gave 

any agreement of this order; we thei’efore conclude that attachment must 
take place at triple collisions, and also that xenon, argon and helium atoms 
are equally effective as third bodies. 

The latter result can also be expressed by saying that, for each of these 
atoms, the radius of the “ sphere of action” in the attachment process has the 
same value. From the value of the constant 6 x 10 ~® and the mean free path 
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of an ion, one could deduce this radius, on the arbitrary assumption that, 
for a collision within such a sphere, the probability of attachment is unity. 
If the charge on the ion has no effect on its mean free path (which is, however, 
improbable), then the value of the radius is 7*5 x 10 *® cm. 


Theorkticai. 


Consider a system of rii ions and gas atoms enclosed in a volume v, and 
let 7^2 In general it will be possible for the ions and atoms to form 
clusters containing I, 2 , 3 , ... atoms, when the temperature is low enough. 
When a cluster containing t atoms is in its ground state, let the energy 
reqxiired to remove the outermost atom be Then in order to break up the 
cluster completely, the energy which must be supplied is {D^ + Dg + ... 4 * Z)^). 

The problem of finding the equilibrium state of the system of ions, atoms 
and clustered ions is very complex, the complete solution requiring a 
knowledge of all the rotational and vibrational levels of all possible types of 
cluster. But from general consideration of diatomic molecules we should 
conclude that for clusters containing only one atom, the energy difference 
between the ground and first excited vibrational levels is large compared 
with that between the corresponding rotational levels, and also that the 
first excited vibrational level is so far above the ground state that for the 
temperatures used, practically all the clusters would be in their lowest 
vibrational state. This may not be true for clusters containing a number of 
atoms, but owing to the difficulties of calculation it will be assumed that the 
clusters remain in their vibrational ground state. 

The sj)acmg of the rotational levels of a cluster depends only on its 
moment of inertia, and in calculating this quantity it will be assumed that 
the nuclear separation of an ion and a gas atom attached to it is in all cases 
equal to the sum of their radii using the values given by Slater (1930). By 
this means it is found that in most of these experiments the average rotational 
quantum number of the clusters is high, so that a close approximation can 
be obtained to the free energy arising from rotation. We can now write down 
an expression for the free energy of the whole system, from which the 
equilibrium state at any temperature T can be deduced in the usual way. 

If Cq is the fraction of ions in the free state and 6^ the fraction which has 
formed clusters containing r atoms, then when r is not greater than 3 





2fi>I,Kr\ 

A*' I’ 


( 2 ) 


where M, m are the masses of the ion and gas atom respectively, the 
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maximum moment of inertia of an r-atom cluster, N ^ n^fv and h and K 
have their usual significance. 

For the particular case of the helium cluster at 20 ° K,when the temperature 
is so low that most of the clusters are not rotating 


a 

Co 


exp 




_vri-i’. )' 

Krj WhrmKrj 


.J(: 


M'hrm\ 


I 

;• 


(3) 


By inserting the values of the constants outside the exponential term it can 
be shown that when the temperature is sufficiently high for the fraction of 
clusters with one atom only (r = 1 ) to be small, then the fraction of the heavier 
clusters is quite negligible, 

Usingtheexperimental datagiveninTable I, where C == i 7 ( 7 ^and 1 — C = C'q, 
we may now apply equation ( 2 ) to assign upper and lower limits to the dis¬ 
sociation energies of the clusters in He, Ne, A and Kr. In Xe, results at only 
one temperature are available, and the data thus give only a lower limit. 
The value which is taken for r is the average number of atoms in the cluster. 
When C is sufficiently large this is given by the value of w, except in the case 
of neon at 90 ® K, and here r is given at a guess the value 3 ; When C is small r 
is assumed to be unity. The results obtained are given in Table I in the column 
headed 1 jr(£lD^) and it will be observed that there is a fairly close agreement 
between the upper and lower limits for the neon, argon and krypton clusters 
and that the value of the dissociation energy rises with increasing polari¬ 
zability of the gas atom. This suggests also that the value of is approxi¬ 
mately independent of r, or in other words, that the interaction between the 
atoms in a cluster is small. 

The force of interaction between an ion and a gas atom could in principle 
be calculated by wave mechanics, but the calculations have not been made. 
In their absence, it is possible to obtain a check on the above estimates of 
dissociation energy, in the case of the union of an alkali ion and an inert gas 
atom of similar structure, by making use of some calculations of Lennard- 
Jones (1931). He expressed the force between two neutral atoms in terms of 
inverse powers of the distance between their centres and evaluated the 
force constants. When one of these atoms is replaced by an ion, it is assumed, 
following HaBs6 and Cook (1931), that the force is the same except for the 
addition of an inverse fifth power term due to polarization. In this way the 
value obtained for the dissociation energy of a Li^-He molecule is 0-057 eV, 
and of K’+'-A molecule 0-068 eV. Comparison with the data given in Table I 
shows that the estimates in helium by the two methods are in satisfactory 
agreement. The one experimental result for potassium ions gives an upper 
limit of 0-06 eV. 
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the course of the work. 


Summary 

Evidence of the attachment of inert gas atoms to a lithium ion has been 
obtained in all the inert gases. The condition necessary for attachment is 
that the energy of thermal agitation of the ion and of gas atoms through 
which it moves must not exceed a given value which depends upon the 
dissociation energy of the molecule so formed. At low values of field/pressure 
{E(p) when the ion is in thermal equilibrium with the surrounding gas an 
appreciable fraction of the Li ions in He are of the form Li^, w(He) at 20® K; 
the fraction is much smaller at 90® K and zero at room temperature. The 
value of n is not more than two and more probably nearer unity. In neon 
practically all the ions show attachment at 90® K and none at 195®K. The 
corresponding temperature limits in argon are 195® K and 290® K, In Xe 
and Kr every ion collects at least one and probably two gas atoms at room 
temperature. In some cases there is evidence that n increases as the tempera¬ 
ture is reduced. On the other hand, potassium ions collect no gas atoms in 
argon at 195® K, doubtless because the dissociation energy must be less than 
for lithium ions owing to the larger size of the potassium ion. 

If the value of Bjp is raised, these molecular ions tend to disappear owing 
to the increased thermal energy of the ion which is associated with its drift 
in the field. From estimates made of the fraction of ions which are molecular 
at a given temperature, upper and lower limits have been set to the values 
of the dissociation energy of a lithium ion and gas atom. It is found that the 
value increases with the mass of the gas atom, i.e. with its polarizability; it 
ranges from about 0-07 eV in helium to 0-33 in krypton and is >0-42 in 
xenon. 
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The mobility of alkali ions in gases 
III. The mobility of alkali ions in water vapour 
By R. J. Munson 

U. H. Wills Physical Laboratory, University of Bristol 
(Communicated by A. M, Tyndall, FM.S, — Received 18 April 1939) 

It is known that in electrolytes at infinite dilution the mobility of an 
alkali ion increases with its mass and this has been attributed by some to 
a decrease in its degree of hydration as the size of the alkali atom increases. 
In Part I evidence was obtained, at least in helium and neon, that the 
average number of water molecules which are attached to an alkali ion 
when water is present as an impurity also decreases as the atomic weight 
of the ion increases. As a natural corollary to this work a determination 
of the mobility of the alkali ions in pure water vapour has been undertaken 
and is here described. 

The method and apparatus of Part I was used. The nature of the ion 
from the source was first verified by running it in a pure gas which was 
then pumped off and water vapour introduced. The results are shown in 
fig. 1, where the mobility of the ion is plotted with Ejp, For the sake of 
clearness the results for Rb+ are excluded from the graph except at low 
values of E/p, The remainder of the Rb'^ graph follows more or less that 
for Na+. 

Extrapolating to E/p= 0 it is seen that the mobilities of the ions are 
all low suggesting that they exist as clusters. The mobility decreases 
slightly as the mass of the alkali atom increases, the values at E/p^O 
being: Li 0-725, Na 0-716, K 0-706, Rb 0-700, Cs 0-696. As E/p is raised 
the mobilities increase, but the order is changed. At E/p^ 45 they all 
have about the same mobility and above this value has the greatest 
and Li+ the least mobility. 

Those graphs can be qualitatively explained as follows: Following on 
the discussion in Part I we may assume that the mean number of water 
molecules attached to an ion depends on its energy of thermal agitation. 
At 0 the cluster is in equilibrium with the surrounding vapour at 

room temperature. With rising E/p its energy of thermal agitation rises 
and this may lead to a decrease in the average number of attached mole¬ 
cules. But the extent to which water molecules are shed will depend upon 
their dissociation energy. We may assume that the value of the dissociation 

[ 61 ] 


4*3 



62 


R. J. Munson 


energy will be greatest for lithium and least for caesium ions because the 
radius of the atomic ion increases with mass through the alkali series. 
As EIp increases we may therefore expect lithium clusters to be stable 
over a wider range of Ejp than those of the higher alkalis. In agreement 
with this view it will be seen that the mobility of the Li**' ion remains 
approximately constant until Ejp about 55, above which it starts markedly 
to rise. In the case of the other alkalis the early constant part either holds 
over a more limited range or is absent altogether. 



Fio. 1 

But the effect of a reduction in the size of the cluster on the mobility 
of the ion depends upon the alkali. In Langevin’s expression for the 
mobility of an ion, the mass of the ion M appears in a factor (14-m/Jlf )*, 
where m is the mass of a gas molecule, in this case water vapour. When the 
ion is clustered Af = + where is the mass of the alkali atom. 

As Afp increases the effect of changing n by a given amount decreases; 
it will be far less for caesium (Mp™ than for lithium 7). A 

change in n will be accompanied by a change in the collision cross-section 
of the ion. The effect of this on the mobility will again be greatest for 
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lithium and least for caesium clusters of the same water content. Conse¬ 
quently, whereas the lithium cluster is relatively stable, its mobility tends 
to rise relatively suddenly when it starts to diminish in size. At the other 
end of the scale the oetosium cluster breaks down much more easily but 
with a more gradual effect on its mobility. The other ions lie between these 
two extremes with potassium ions showing the greatest mobility of the 
series at higher values of Ejp. Presumably at a still higher value of J5/p, 
sufficient to prevent any attachment of water molecules to the ions the 
order would change again. But the incidence of glow discharge from edges 
of the electrodes at high fields prevented a test of this conclusion. 

At the same time we cannot ignore the possibility that at higher values 
of Ejp the mobility of an ion of a given mass is no longer independent of 
Ejp and that the shape of the graphs may thereby be affected. This effect 
has been referred to in Part II. But it clearly does not set in below 
a value of Ejp about 55 for lithium ions in water vapour. Consequently, 
since the ions of the other alkalis, like those of lithium, also possess an 
envelope of attached water molecules, it is perhaps unlikely that the 
critical value of Ejp at which the mobility undergoes this type of change 
would differ greatly through the series. 

Since in pure water vapour the mobility of the alkali ions decreases 
with increasing mass of alkali atoms, their behaviour is quite different 
from that of water-clustered alkali ions in helium and neon and in electro¬ 
lytic solutions. Though no quantitative analysis is possible at present, these 
differences call for comment. Fust, the conditions of equilibrium of a water- 
clustered ion in a gas differ from those in water vapour itself. Thus if by 
chance a water cluster in a gas loses a water molecule it has to await another 
favourable collision with a water molecule before recovery. The time taken 
before this occurs will depend on the water concentration and the dis¬ 
sociation energy. On the other hand, in water vapour itself every collision 
is one with a water molecule, so that a water molecule may leave at one 
collision and be replaced even at the next. Consequently quite temporary 
attachments may play an important part in determining its speed, and 
though the binding energy of a water molecule to a caesium ion is less than 
to a lithium ion, its effect on the relative mobilities may be masked by the 
frequency of these temporary attachments. 

The mechanism in liquids is probably different again. Here we may 
picture the ion as in contact with the surrounding water molecules through¬ 
out its path. When the dissociation energy is small, as with caesium ions, 
the ion may be thought of as jumping from one molecule to the next and 
thus slipping through the liquid without the envelope of firmly attached 
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molecules which would accompany a lithium ion. It is therefore not sur¬ 
prising that an alkali ion in water vapour behaves different from one in 
solution. 

It is known that Langevin’s expression based on the assumption of an 
inverse fifth power law of attraction between an ion and a gas molecule 
can be applied with reasonable quantitative success to the case of alkali 
ions in the inert gases. If it is to bo applied to these ions in water vapour 
it is necessary to assume that the same law of force holds, in spite of 
the permanent dipole of the water molecule. This assumption may not be 
seriously in error, because most of the dipoles are spinning and any 
orientation of the dipoles which may occur at short apsidal distances is 
limited by the increased radius of the clustered ion. On the other hand, 
we do not know what figure to assign to the number of water molecules 
in the cluster; its mass and effective diameter are therefore both uncertain. 
But it may be of interest to record that if it be assumed that a lithium 
ion is unclustered in water vapour, its calculated mobility is 1'21 compared 
with the experimental value of 0*726. Whereas if it be given a cluster of 
six molecules (see Part I) and the diameter of the ion assumed to be that 
of the lithium ion plus two water molecules, then the calculatejd mobility 
is 0*76. Though this may appear to give good agreement with experiment, 
the value, six, cannot be taken as an estimate of the size of the cluster, 
because the expression is not mass sensitive when M is much greater than 
m. Detailed calculations using other clusters and other ions are therefore 
unjustifiable. It can, however, be assumed that for lithium ions n is certainly 
not zero and is probably greater than three or four. 

Summary 

Determinations of the mobility of alkali ions in water vapour show that 
at low values of field/prossure {Ejp) the mobility decreases slightly with 
increase in mass of the alkali atom. This sequence changes entirely when 
Ejp is considerably increased. The latter result is qualitatively explained 
by the gradual break up of the cluster of molecules attached to the ion 
as its kinetic energy increases; the variation of the mobility with increasing 
Ejp will depend upon the energy of dissociation of a water molecule 
from an alkali ion and upon the fractional change in the mass of an ion 
caused by the loss of a water molecule from the cluster, both of which 
depend upon the nature of the alkali ion under consideration. The results 
at low Ejp are briefly discussed in comparison with the behaviour of 
alkali ions in liquids and of water-clustered ions in gases. 
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By 0, A. Saunders 

Clothworkera Reader in Applied Thermodynamics at 
Imperial College of Science and Technology 

{Communicated by Sir Henry Tizard, F.R.S,—Recewed 1 March 1939) 
Theory of natural convection 

Lorenz (i88i) gave a solution to the problem of natural convection set up 
near a heated vertical plate, in which he assumed that the surfaces of equal 
fluid velocity and equal fluid temperature are parallel to the i)late. Experi¬ 
ments show, however, that this is not the case. 

Schmidt and Beckmann (1930) suggested appipng the approximations 
of the boundary layer theory, and Pohlhausen (1930) showed how the partial 
differential equations thus obtained could be transformed into equations 
with a single independent variable. Five boundary conditions required to 
be satisfied in Pohlhausen’s problem, three at the plate and two at infinity. 
Owing to the slow convergence of the terms, Pohlhausen found it impracti¬ 
cable to solve the equations in series for these boundary conditions. He 
therefore used measurements by Schmidt and Beckmann of the normal 
gradients of temjieraturo and velocity in air very close to a heated plate, to 
obtain two more botindary conditions at the plate. Starting with the five 
given boundary conditions at the plate he obtained a solution in series of the 
equations for air, which was found to satisfy the conditions at infinity. 

Pohlhausen considered air only. His method cannot be used for other 
fluids because the gradients of velocity and temi)erature near the plate have 
not been measured except for air; and it would not be safe to assume that the 
boundary conditions based on experiments in air are valid for other fluids. 

In what follows, approximate solutions are given which are entirely 
theoretical and do not depend on measured temperature and velocity 
gradients. They may therefore be applied to any fluid, including air, giving 
theoretical values for the temperature and velocity gradients, and hence also 
the heat transfer and the friction drag at the plate. 


[ ] 
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Approximate theoretical solution 
The equations of motion and of heat flow are 


du du dht 


do dO kd^o 

dx'^'^dy c dy^* 


(1) 

( 2 ) 


where u and v are the velocity components in the x and y directions, the 
x-axis being vertical and the y-axis horizontal and at right angles to the 
plate, 6 being the temperature at any point, v the kinematic viscosity, k 
the thermal conductivity, c the specific heat per unit volume at constant 
pressure, and y? the coefficient of change of density (p) with temperature, 
defined by 


where p^ is the density at 0 = 0. 

In deriving these equations the usual approximations of boundary layer 
theory are made, i.e. d^ujdx^ is neglected in (1) and dWjdx^ in (2), and 
the equation of horizontal motion is ignored. These approximations are 
justified if the thicknesses of the velocity and temperature boundary 
layers are both small compared to the height of the plate. In natural 
convection, since it is the difference between the temperature at any point 
and the temperature at a great distance from the plate which causes the 
motion, the velocity boundary layer cannot be thinner than the temperature 
boundary layer; but in the case of a fluid of low conductivity and high 
viscosity the velocity boundary layer might extend beyond the temperature 
boundary layer. 

The fluid density, which is assumed to be constant when writing the terms 
on the left-hand sides of equations (1) and (2), has been divided into both 
sides of the equations. The density is also assumed constant in the equation 
of continuity 


du dv 
dx'^dy 


0 . 


(3) 


Finally, the pressure at any point in the fluid is assumed to be equal to the 
hydrostatic pressure, calculated for the fluid outside the boimdary layer, 
where the temperature may be taken arbitrarily as zero, since the equations 
are linear in 6 . 

In the problem to be considered the motion is assumed to be two-dimen¬ 
sional in a vertical plane normal to the plate, the origin of the rectangular 
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axes being taken in the bottom edge of the plate. Thus the boundary 
oonditiona are u ^ v 0 and 6 Oq when y = 0, for all Xy and w = t? =* 0 = 0 
at infinity, 0 ^ denoting the plate temperature, assumed to be uniform. 

It is convenient to replace all lengths, velocities, and temperatures by 
their dimensionless ratios to fixed units. Choose f, the vertical length of the 
plate, and 6 q, its temi)erature, as the units of length and temperature; the 
unit of velocity may be chosen arbitrarily since only zero values are specified 
in the boundary conditions, and on taking it as equal to k/cly equations (1), 
( 2 ) and ( 3 ) become 

= ^ + <3VPr(?, (4) 


; + OrPrd, 


dd de dw 

dy~ ’ 


du dv 
dx dy * 


where a:, y, u, v, 0 are now dimensionless, and Or denotes the so-called 
Grashof number [^{gfidQp)/v^]y and Pr the Prandtl number (scv/fc). 

It will be noted that Gr and Pr do not occur in ( 5 ) and (6). Since, at 
positions very near the surface, the terms on the left-hand side of ( 4 ) are 
small because u and v are small, and the term Gr Prd is greater nearer the 
surface, it might be expected that the gradients of u and 0 near the surface 
would depend mainly on the product Gr Pr, provided Pr, which occurs in the 
denominator of the left-hand side, is not too small. Experiments confirm 
this, as described later. 


, / 64 (?r Pr\i , „ 


where u » di/r/Sy, v = ~ dyjfjdx, ^ being the stream function, and f and 8 
are functions of This transformation, wMch is the same as Pohlhausen’s 
except for the constants, clears the equations of x and y, giving, after some 
reduction, 

f3 + -^(^^2-K!)+^ = 0, (9) 

(10) 

the suffixes denoting differentiation with respect to g. 
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The velocities u and v are given by 

/&<lOrPr\i , 

(SOrPrY iy /OrPr\* . 

^ j f 4. ^ J yx-i (12) 

Henoe the boundary conditions are f == 0 and ^ = 1 when g = 0, i.e. 
at all points on the a?-axis, and = 0 = 0 when ^ = 0, which, for finite 
values of y, corresponds to the y-axis- 

Since ^ does not occur explicitly in (9) and (10), their order may be 
reduced by changing the variables to Oii^p) and 6 . From (10), if suffixes 
attached to p denote differential coefficients with respect to ^ = — Pi. And 
differentiating ^ to obtain (= —pp^), ^a» etc., and substituting in (9), 
we get 


Pr(p^Pi + Sp^Pilh+P^Pl+PPlP2-0)-PPlP»-P^PiPz + y>l = 0. (13) 


The boundary conditions are satisfied if = pg = ^ when d — 1, and p = 0 
when f) = 0. 

It will be noted that for finding the heat transfer at the plate the value of 
p at d == 1 is required. Equation (13), with p and 6 as variables, is therefore 
suitable for finding the heat transfer by approximate solution. On the other 
hand, for finding the drag at the surface, which depends on pg and Pa, the 
approximate solution of (13) must be differentiated, involving greater 
errors. 

The simplest polynomial with one undetermined constant, which satisfies 
the boundary conditions, is 

p = ^,[(l-0)»-l]. (14) 


By making this satisfy (13) at the mid-point of the range of d, i.e. 0 — 
we find 




4Pr 1* 
21(l + 6Pir)/ ■ 


(15) 


In fig. I, curve 1, ^4^ is shown plotted against Pr. The solution satisfies 
the differential equation at d = 0 but not at 0 = 1. A second approximate 
solution may be obtained by assuming 

p = A,[5(1 -d)i+(1 -5) (1 -d)*-1], (16) 

which satisfies the boundary conditions, and choosing A, and 5 so as to 
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satisfy the differential equation at 6* 1 and d = Eliminating B, the 

equation for A 2 reduces to 

(1 - 336JJ) [(2,664,208^1* + 48.960^| -1,684/1| + 4) Pr 

+ 539,136J^|* +22,176^1+ 336^1-1]+ 73,728^“ = 0. (17) 

Values of A 2 satisfying (17) are plotted against Pr in fig. 1, curve 2. 



Pr 

Fio. 1. Approxiniato v0.1ueH of A (soe equation (21)), 


Obtaining further approximate solutions by taking polynomials of higher 
degree which satisfy the equation at more points, or by using the least 
square deviation method, involves very heavy numerical work because of 
the complicated equation. A third approximate solution may be found 
relatively easily, however, by assuming 

p = ^[(7(1 -d)8 + i)(l -<?)* + (1 - C-J9) (1 -d)»-1], (18) 

which satisfies the boundary conditions, and choosing A,, C, and i> so as to 
satisfy the differential equation at d = 1 and at d » and the differentiated 
differential equation at d » 1. The first and last of these conditions give 
respectively 


2AA\D = -1 and 120AJC = 1. 


(19) 
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The second condition, on substituting for O and D in terms of from (19), 
reduces to 

Pr[5-36 X 1-037 x 4.^28 x lO^MI 

+ 1-465 X lO^Mt- 1-284 x 10’] + 8*95 x lO^^AJ* 

+ 2-837 X lO^MJ^ + 1-52 X lO^Mg-5-68 X 10»^J +4-94 X 10« = 0. 

( 20 ) 

Values of ^3 satisfying (20) are shown in fig. 1, curve 3. 

It will be seen that for Pr > 0-73 (the value for air) the three approxima¬ 
tions are within less than ± 3 % of their mean value, although over part of 
the range of Pr the second and third differ more than the first and second. 
The only fluid for which Pr is less than 0-73 is mercury (Pr — 0-03), for 
which the first and third approximations are respectively about 10 % above, 
and 10 % below the second. 

It is, of course, not possible to say with certainty from fig. 1 how accurate 
the approximate solutions are, but it appears likely that curve 3 is within 
a few per cent of the exact solution. The curves show that A is practically 
constant for Prandtl numbers above about 10. 


Case of air (Pr = 0-73) 

The values of A for air, taken from fig. 1, curves 1, 2 and 3, are respectively 
0-402, 0-379 and 0-400, all of which are slightly below the value 0-418* taken 
by Pohlhausen from Schmidt and Beckmann’s experiments. 

The approximate solutions give distributions of temperature and velocity 
within the boundary layer, and these are compared with Pohlhausen’s 
accurate solution in figs. 2 and 3. The curves 1, 2 and 3 in fig. 2 were obtained 
from equations (14), (16) and (18) respectively, by plotting l/p(~d^/d0) 
against 0^ and integrating graphically to find g in terms of (9. The corre¬ 
sponding curves in fig. 3 were obtained by differentiating the approximate 
solutions so as to obtain ^j( —PP 2 ) in terms of 0, and using equation (11) 

/ i4Cr Pr 00 

and fig. 2 to obtain ^— as a function of 

* The results of the author’s experiments (Saunders 1936) on the heat loss from 
vertical plates in a pressure chamber, which were expressed in dimensionless form 
taking ifc = 6*7 x 10“^ c.g.a. units for air at 43® C (InterruUional Critical TabUa)^ give 
A = 0-46. According to more recent data (Kannuluik and Martin 1934; Herous 1934; 
Gregory and Archer 1933; Sherratt and Griffiths i939)» however, the best value of k 
at 43® C is 6-6 X c.g.s. units. Using this value the author’s results give A ss 0-416, 
which agrees with Schmidt and Beckmann’s value, but is slightly above the values 
from the approximate theory. 
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Squire*8 approximate solution 

In the recently published book, Modern Developments in Fluid DynamicSy 
referenc 5 e is made to a new method of approximate solution of the problem 
of natural convection due to a vertical plate given by Squire (unpublished) 
based on the equations of momentum and energy of the boundary layer as a 
whole. His results are given for comparison in figs. 2 and 3. 



0 / s 3 4 

f 

Fig. 2. Comparison between approximations for the temperature distribution in air 

and Pohlhausen's solution,-approximate theoretical solutions for air, 

.Polilhausen’s solution for air.-Squire’s solution for air. 


Mean heat transfer at the plate 

The mean rate of heat transfer per unit area, H, for the plate of height I, 
is given by 
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where sc, y, d are dimensionless, as already defined. 


Hence ^ = C(GrPr)i, (21) 

where G = 1*241 A. 



i 

Pig. 3. Comparison between approximations for the velocity distribution in air 

and Pohlhausen’s solution. - approximate theoretical solutions for air. 

.Pohlhausen’s solution for air.-Squire’s solution for air, 

Ran^e of validity of theory 

The theory would be expected to break down when the flow becomes 
turbulent, which experiments with air show to occur when OrPr exceeds 
about 2 X 10*. It would also be expected that the theory would cease to be 
applicable for plates below a certain height, since the approximations of the 
boundary layer theory would not be Justified. Experiments with air show 
this to be the case for values of Or Pr below about 10*. 
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COMFAKISON BETWEEN THEOEY AND EXPERIMENTS WITH 
FLUIDS OTHER THAN AIR 

The only experiments on natural convection due to a vertical plate in a 
liquid are those of Lorenz whor in 1934, measured the mean heat loss from a 
plate 12 cm. high in oil. Colburn andHougen ( 1932 ), and Montsinger ( 1932 ), 
measured the heat losses to surrounding water from a vertical cylinder and a 
copper block respectively, but these shapes cannot strictly be compared with 
a vertical plate. The temperature and velocity in the fluid near the heated 
surface have not been measured for fluids other than air. 

Lorenz expressed his results in the form of equation ( 21 ), giving C == 0*56 
for values of Or Pr between 10 *^ and 10 ^, which agrees well with the approxi¬ 
mate theoretical value, 0-54 ( = 1*241^), from fig. 1, curve 3, for Prandtl 
numbers above 10 , which would include the oil used by Lorenz. 

Experiments in air have shown that unsteadiness of flow begins at the top 
of the plate for a value of GrPr equal to about 2 x 1 O’*, but this may not be 
true for other fluids, because of their different Prandtl numbers. 

The following experiments were thought worth trying: 

(1) Measurements of the loss from a heated vertical plate in mercury, for 
which Pr = 0*03, For no other fluid is Pr appreciably below 0*73, the value 
for air, all other liquids having higher values than air. So far as the author 
knows, the heat loss by natural convection in mercury has not previously 
been investigated. Comparison between the approximate theory and 
ex^Ksriments with mercury is thus of special interest. 

(2) Measurements of the loss from a heated vertical plate in water, for 
both streamline and turbulent flow conditions, and comparison between the 
critical conditions at which unsteadiness of flow begins in water, and the 
corresponding known conditions for air. 

Heat loss from a vertical i^late in mercury 

Two electrically heated steel plates were used, of lieights 2*8 and 4*65 cm., 
each of width 3*0 cm. These were small enough not to require more mercury 
than was conveniently available and yet gave values within tlie range of 
Or Pr for which the approximate theory is known to hold good for air. Fig. 4 
shows the arrangement of the apparatus with the larger plata in position. 
The mercury filled a steel dish 18 x 20 cm. to a depth of 9 cm,, the top of the 
heated plate being about 2*5 cm. below the mercury surface. Cooling water 
was circulated around the dish to keep the temperature of the mercury from 
rising. 
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Some difficulty was experienced in making an electric heater to give 
sufficient heat to the steel plate. Eventually a length of about 20 cm. of 
nichrome tape was wound into a flattened coil the size of the plate and was 
embedded in fireclay. The plate was pressed into contact with the surface of 
the fireclay before it set, the tape being Just below the fireclay surface. 

The larger plate had two thermocouples inserted in small holes drilled 
horizontally in its thickness, with'junctions at the middle of the top and 
bottom halves of the plate. The smaller plate had one thermocouple at the 
middle. 



In some preliminary experiments the heat input was maintained constant 
and, after allowing sufficient time for the various temperatures to become 
steady, the temperature of the mercury was explored with a movable 
thermocouple in a glass tube. It was found to be practically uniform hori¬ 
zontally but varied vertically, the greatest drop from the level of the top 
of the plate to the level of the bottom being 6 % of the mean difference 
between the temperatures of the plate and of the mercury. This was partly 
due, however, to non-uniformity of the plate temperature, the top couple 
reading up to about 8 % higher, relative to the mercury, than the bottom 
one. The effective temperature of the mercury was taken as the value at a 
point 4 cm. away along the normal from the middle of the plate. The mean 
of the two thermocouple readings was taken as the temperature of the larger 
plate, and the reading at its middle as the temperature of the smaller plate. 

Fig. 5 shows a series of results obtained by changing the heat input every 
10 min., which was found long enough for the temperatures to become 
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steady. Several other sets of readings were taken for both ascending and 
descending series of inputs, with varying amounts of extra wood and cork at 
the back and aides to reduce the heat loss by conduction, and with freshly 



O JO ^0 25 

temperature difforonce between surface and mercury 

Flo. 6. Experimental results for the heat loss in mercury, x vertical plate, 4*66 cm. 
high; ® vertical plate, 2*80 cm. high; + horizontal cylinder, 1*26 cm. diameter. 

cleaned mercury and a freshly polished surface on the steel plate. The 
dififerenoes in the heat loss found in these experiments were very little greater 
than the differences between repeat readings, and it has not been thought 
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worth while to give all the results. Most of the readings gave points within 
± 5 % of those in fig. 6 . 

Fig, 6 shows the results expressed in dimensionless co-ordinates. For 
mercury at 20 ° C, i = 0»02 and figcjkv = 3510; at 40°^C, k = 0*02 and 
figcjkv = 3690, c.g.s, units in each case. 

The dotted line shows the approximate theory, taken from fig. 1 , curve 3 , 



Jog (QrPr) 

Fic». 6 . Exporimontal and theoretical results for the heat loss from a vertical plate 
in air, water and mercury. 


- approximate theory (streamline flow). 

• experiments in water with plate 30*5 cm, high. 

© experiments in water with plate 61 cm. high. 

+ experiments in mercmry with plate 2*80 cm. high, 

4 * experiments in mercury with plate 4*66 cm. high. 

@ experiments in oil by Lorenz, plate 12 cm, high. 
- experiments in air by author (Saunders 1936 ), 
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which agrees quite well with the experiments. The experimen^l results 
may be expressed by a formula similar to (21) with C *= 0-31 for the smaller 
plate and (7 « 0*35 for the larger plate. The two plates ought, of course, to 
give the same value of (7. The theoretical values from the first, second and 
third approximations are 0*328, 0*30 and 0*28; the best agreement with the 
average of the two experiments is thus given by the first approximation. 


Heat loss from a vertical plate in water 

Two plates were used, of heights 61 and 30*5 cm., each 30*5 cm. wide and 
made of aluminium 0*5 cm. thick. Electric heating elements of resistance 
tape, insulated on both sides by sheets of mica, were sandwiched between the 
aluminium and wood 2*6 cm. thick. The wood projected 2*5 cm. from the 
edges of the plate, and was built up flush with the front face of the aluminium. 
All the surfaces of the wood were coated with waterproof paint. 

The heating elements for the larger plate were divided into four, and for 
the smaller plate into two, equal sections one above the other. Oopper- 
eureka thermocouples were embedded in each section in horizontal grooves 
cut in the front face of the aluminium, and the grooves were filled in with 
lead. The thermo-junctions were at the middle of each section, and the 
currents in the different sections were adjusted so that all the couples gave 
nearly the same readings, and the plate temperature could be taken as 
uniform. 

The plate was suspended in a water tank of height 160 cm. and horizontal 
section 26 by 61 cm., the top of the plate being about 30 cm. below the surface 
of the water. Preliminary runs were made to find the ratios of the currents 
in the various sections, which gave a uniform plate temperature. 

In each main experiment the water was first thoroughly stirred. The 
heat was then turned on and the thermocouple readings taken over a period 
of time, during which readings of the temperature of the water at several 
positions were also taken with thermocouj)les, the leads of which were 
coated with hard varnish to prevent electrical leakage. It was found that 
the mean plate temperature reached a nearly constant value in about 16 min,, 
after which it continued to rise very slowly. The temperature of the water 
at the top of the tank rose steadily and an increasing vertical gradient of 
temperature was set up in the water. As soon as readings had been taken 
for the first nearly constant condition, the heat input was altered to a higher 
value, and a second set of readings obtained. This was repeated several 
times, until the vertical temperature gradient in the water became too great, 
after which the whole apparatus was allowed to cool before another experi- 
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merit was started. In some cases an experiment was ended because too many 
air bubbles were formed on the plate. 

It was decided to reject all readings taken when the temperatures in the 
water opposite the top and bottom edges of the plate differed by more than 
10% of the difference between the mean plate and water temperatures. 
Under these conditions the water temperature was very nearly uniform 
horizontally at any level, except close to the plate. 

The cold water entering the boundary layer is known to be drawn mainly 
from the region of the bottom edge of the plate, but some enters at other 
levels. Two thermocouples were therefore used to measure the effective 
water temperature, one being opposite the bottom edge and the other 
opposite the mid-level, and their mean was taken. 

In order to allow for the heat loss through the wood, three pairs of differ¬ 
ential thermocouples were embedded in the wood of the larger plate, the two 
junctions of each pair being at different depths along a line drawn normal to 
the surface. The leads were brought out along slanting holes drilled nearly 
parallel to the surface of the wood, so that they should lie as nearly as possible 
along isothermals. The three pairs of junctions were at positions along the 
vertical bisector of the plate, respectively 15, 30, and 45 cm. from the top 
edge. The couples were calibrated in position by placing a second plate, 
identical with the first, so that the two aluminium faces were in contact. 
Equal inputs were then supplied to each plate and, assuming half the total 
input to pass through the wood attached to each plate, three curves were 
plotted for eacjh plate relating the heat flow through the wood to the 
differential reading of each of the three pairs of thermo-junctions. Hence 
three separate values of the heat loss through the wood, which ought to 
agree, were given from the calibration curves.. Actually they were found to 
differ slightly, but as they were always less than 8 % of the total input it was 
thought justified to take a mean value. For the smaUer plate the heat loss 
through the wood was assumed to be the same percentage of the input os for 
the larger plate. 

A typical series of results is given in Table I, The values of the physical 
constants for water were reckoned at the mean of the plate and water 
temperatures, which in the case of the larger plate differs considerably for the 
different experiments; for this reason the results have not been shown in a 
graph of heat loss against temperature difference, as was done in the cose of 
the results for mercury. 

In fig. 6 the results are expressed in dimensionless co-ordinates. The 
approximate theoretical solution for water (Pr > 6) is shown by the full line. 
The results for the smaUer plate agree well with the theory, but those for the 
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larger plate are higher than the theory, owing, as shown below, to turbu¬ 
lence. 


Observations of type of flow by optical method 

Observations of the type of flow near the plate were made by an optical 
method. This, which has been described elsewhere (Saunders and Fishenden 
1935 ), consists in observing the angular deflexion of a beam of light passing 
parallel to, and very near, the heated plate, brought about by refraction due 
to the temperature gradients in the fluid. A horizontal beam of light from 
a carbon arc several metres away entered and left the tank through glass 
windows in the narrow vertical sides, and the angular deflexion due to the 
heated jflate was observed on a screen. For steady streamline motion the 
deflexion shown on the screen for any point on the plate was constant, but 
for unsteady flow it varied with time. 

With the smaller plate steady motion was observed over the whole height 
at temperature differences below about 5°C, above which unsteadiness 
occurred starting at the top. With the larger plate the motion was unsteady 
except near the bottom edge. The critical value of GrPr at which unsteadi- 
ness was first observed was about 2 x 10 ®, wliich is practically the same as 
the corresponding value for air. 

Owing to the unsteadiness of the flow it is not surprising that the results 
for the larger plate do not agree with the streamline theory. For fully 
developed turbulent flow the heat transfer per unit area would be expected 
to be practically independent of distance up the j)late, and the slope of the 
curve in fig. 6 would thus be one in three. The experimental points for the 
larger plate, which are based on the mean heat transfer for the whole plate, 
suiggested a slope somewhat steelier than one in three, especially for the 
lower points. This is probably due to the flow near the lower part of the plate, 
which is partly streamline and partly in the transition stage between stream¬ 
line flow and turbulence. 

The results in fig. 6 for air {Pr « 0*73) and water (Pr ^ 7*0), when the 
flow is not streamline, suggest that the mean curve is higher the liigher the 
Prandtl number. By taking a line of slope one in three through the experi¬ 
mental points for the larger plate in water, it is found that 

~ » 0-17(G'rPr)* 

for valuefi of CfrPr above about 10 “, and for a mean value of Pr equal to 
about 7'0. 
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Theoorrespondingequation from theexperimental curve for air(Pr = 0'73) 
is 

HI 

^ = 0-10((?rPr)*. 

The work was carried out in the Mechanical Engineering Department of 
Imperial College and the author wishes to thank Professor C. H. Lander for 
his help and interest in the work. He is also indebted to the Clothworkers 
Company for financial assistance which enabled the work to be carried out. 
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The excitation of 7-radiation in processes of 
proton capture 

By S. C. Ctjbban, St John's College 
AND J. E. Steotheks, Newuham College 

The Cavendish Laboratory^ Cambridge 
{Communicated by W, L, Bragg, F.R.S.—Received 6 April 1939) 

1. Introduction 

It is found that many light elements emit 7 -radiation during bombard¬ 
ment by protons of high energy. Excitation curves relating the intensity 
of the emitted 7 -radiation with the energy of the incident protons do not 
increase smoothly with increasing bombarding voltage, but show, in most 
instances, pronounced maxima. The resonance character of these excitation 
curves is most naturally explained by assuming that the y-radiations arise 
in the process of capture of protons by nuclei, and measurements of the 
quantum energies of these radiations lend general support to the assum ption 
that the y-rays have this origin. In a previous paper (Curran, Dee and 
Petriilka 1938 ) the results of an investigation of the process of proton 
capture by the four light elements, beryllium, boron, carbon and fluorine, 
have been given. The experiments have now been extended to include the 
five elements lithium, sodium, magnesium, phosphorus and chlorine. The 
form of the excitation curve for the intensity of the capture y-radiation 
has been determined for incident protons of energy up to 10 ® eV, and in 
each case the quantum energy of the radiation has been measured. An 
attempt has also been made to detect the capture of protons by deuterium 
but no definite evidence of the occurrence of this process could be obtained. 

2. The experimental arrangement and detecting apparatus 

The experiments were carried out in the Cavendish High Voltage Labora¬ 
tory, using the Philips generator and the associated discharge tube installa¬ 
tion from which beams of ions with energies up to M x 10 ® eV are available. 
The targets were under the bombardment of protons, separated from the 
rest of the ion beam by magnetic analysis. The system used for the detection 
of the y-rays emitted from the targets consisted of a pair of thin-walled 
Geiger-Miiller counters. The capture y-radiation ejected from an aluminium 

[ 72 ] 
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plate Compton electrons, photoelectrons and electron pairs and some of 
these passed through both counters causing real coincidences. The high 
sensitivity and low natural effect of this arrangement render it suitable 
for the detection of weak resonances. The range distribution of the electrons 
can be determined by placing absorbing screens between the counters and 
observing the number of coincidences as a function of the thickness of 
absorber, and the end-point of the absorption curve so obtained gives 
a measure of the maximum quantum energy of the y-ray. The Geiger-Miiller 
counters were coupled to an improved amplifying circuit having a resolving 
time for coincidences of approximately 10“® sec. In all other respects the 
experimental arrangement and method of procedure were the same as those 
described in the earlier paper (Curran et al. 1938). Some features of the 
detecting system are described elsewhere (Curran and Petriilka 1939). 


3. Preparation op the targets 

Lithium targets of the desired thickness were prepared by burning the 
metal in air and collecting the oxide on a clean copper surface. Sodium 
targets were obtained by evaporation of solutions of sodium bromide. 
The purity of this compound had been established by observations of the 
groups of a-partioles and protons which were emitted from the salt under 
deuteron bombardment. Thin targets of metallic magnesium were deposited 
on copi>er by evaporation of the pure metal in vacno, but for experiments in 
which thick targets were required, magnesium was burned in air and the 
products of combustion collected upon clean copper. The agreement between 
the results which were obtained with these two different types of target 
showed that the oxygen and nitrogen present in the latter case did not 
yield any measurable intensity of y radiation. Red phosphorus compressed 
into the pitted surface of a copper block proved to be sufficiently stable 
under bombardment with protons to serve as a suitable target. Evaporation 
of alcoholic solutions of analytically pure copper chloride gave suitable 
chlorine ” targets. Targets of heavy ice were obtained by the condensation 
of heavy water vapour upon a copper block which was cooled with liquid air. 

4. Experimental results 
(a) Heavy hydrogen 
According to mass values the process 

iH + ®H = 3He + Ap (1) 
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is exoergic with hv = 5*39 x 10 ® eV for zero bombarding enei^gy of the 
proton. A target of heavy ice was bombarded with protons with energies 
from 0-5 X 10 ® to 1*0 X 10 ® eV. The detecting system was placed as close as 
possible to the target. A very low intensity of y'-radiation, showing no 
evidence of resonance characteristics, was observed. The 3 deld of y-quanta 
per incident proton appeared from the results of these experiments to be 
less than 10 " It is possible that this extremely small positive effect might 
arise from the bombardment of heavy ice by deuterons originating in the 
target itself and deriving their energy from the ir\cident protons. 

(b) Lithium 

Hafstad and Tuve ( 1935 ) measured the yield of y-rays from lithium 
and found two very sharp resonances at 440 and 850 kV. Further work 
however failed to confirm the existence of the peak at 850 kV (Hafstad, 
Heydenburg and Tuve 1936 ) but produced evidence of a high intensity 
of y-radiation in the neighbourhood of 1000 kV (Rumbaugh and Hafstad 
1936 ). Later work by Herb, Kerst and McKibben ( 1937 ) indicated the 
presence of a broad resonance at about 1000 kV instead of the previously 
reported peak at 850 kV. Working at lower voltages Bothe and Gentner 
( 1937 ) observed a resonance peak at a bombarding voltage of 200 kV. We 
have examined the ex(jitation curve from 350 to 1000 kV with the results 
shown in fig. 1 . In an attempt to increase the homogeneity of the resolved 
proton beam a slit was introduced into the target tube. Curve 1 shows the 
results which were obtained with the improved resolution; in curve 2 , 
taken without the defining slit and with a thicker target, the results were 
extended to 1000 kV. The points on the figure show values observed in 
several different runs. It may be seen that these results give no evidence 
either of a peak in the excitation curve at 850 kV or of any marked increase 
in the yield of y-radiation near 1000 kV. Herb et ah ( 1937 ) report that the 
peak intensity at the upper resonance level near 1000 kV occurs between 
1020 and 1200 kV according to the thickness of the target, and this peak 
would not therefore have been obtained in the present experiments in which 
the bombarding voltage did not exceed 1000 kV. The published curves of 
these workers however indicate a 3 deld of y-radiation at 1000 kV of between 
50 and 100 % of the maximum yield at 440 kV. According to the present 
experiments, the intensity at 1000 kV is only 15 % of that at 440 kV. It is 
hoped to extend the measurements to higher voltages in the near future. 

Capture of protons by ®Li might be expected to lead to the formation of 
radioactive ’Be (Rumbaugh, Roberts and Hafstad 1938 ): 

®Li 4- ^H = ^Be 4* hv. 


< 2 ) 
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The failure to observe any resonances other than that at 440 kV seems to 
indicate that the above process does not take place with protons of energy 
less than 1000 kV, since it has been established that this resonance is due to 
the process 

^Li 4- = ^Be 4* hv. (3) 



Fig. 1 


It is possible that the very intense radiation emitted according to 
equation (3) might conceal any weaker effect produced in proton capture 
by ®Li but an alternative method of detection of the occurrence of the 
process (2) is available in the investigation of the formation of radioactive 
’Be. Long bombardment (of the order of 200 /^A-h^,) of lithium targets at 
voltages as high as 960 kV did not produce any measurable quantity of 
’Be. Calculations based upon the actual experimental arrangements used 
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prove that the yield of capture y-quanta per incident proton must be less 
than 2-6 X 10 - 10 . 

Many determinations (Crane, Delsasso, Fowler and Lauritsen 1935 ; 
Delsasso, Fowler and Lauritsen 1936 ; Gaerttner and Crane 1937 ; Delsasso, 
Fowler and Lauritsen 1937 ) of the quantum energies of the y-radiation 
emitted in process (3) have been made, but the results which have been 
obtained are somewhat contradictory. Whereas there is general agreement 
in assigning an upper limit to the quantum energy of about 17*0 x 10 ® eV, 
the quantum energies of the softer components have not been definitely 
established. 

Two thin-walled counters were used in the manner described above to 
determine the quantum energy of the y-radiation emitted from the target 
under bombardment with protons of energy 0*6 x 10 ® eV. Using the relation¬ 
ship established in previous work (Curran et al. 1938 ) the end-point of the 
absorption curve at 32*0 mm. of aluminium corresponds to a quantum energy 
of 18*6 X 10 ® eV, whereas from mass values the expected energy release 
is 17*6 X 10 ® eV. These values are in agreement within the experimental 
accuracy of the determination. The half-value thickness” obtained from 
the curve indicates (Mitchell and Langer 1937 ) a quantum energy of 
16*8 X 10 ® eV. This result suggests that only a small percentage of softer 
radiation can be present. 


(c) Sodium 

Herb et aL ( 1937 ) detected the emission of y-radiation from targets of 
metallic sodium bombarded with protons of energies between 0*9 x 10 ® 
and 2-0 x 10 ® eV, One broad resonance was observed extending from 1160 
to 1320 kV. Gentner ( 1937 ), working at low voltages, found a sharp 
resonance at 306 kV. We have investigated the emission of y-radiation 
in the process 

+ ‘ (4) 

and have detected between 400 and 920 kV six resonances, not hitherto 
reported. From curves 1 and 2 of fig. 2 , the peak values for these resonances 
are seen to be at 426, 625, 690, 690, 766 and 876 kV. These two curves are 
representative of a series, all of which exhibited the same characteristics. 
Curve 1 was obtained with the defining slit in front of the target in order to 
increase the homogeneity of the proton beam, but the peaks are not more 
clearly resolved. The abundance of resonances in this region of bombarding 
voltages indicates the close spacing of the excitation levels of the magnesium 
nucleus at about 11 x 10® eV above the ground state. 
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The maximum quantum energy to be expected in the process defined by 
equation (4) is, according to accepted mass values (Livingstone and Bethe 
1937 ) and for protons of energy 0*76 x 10 * eV, 11-6 x 10 * eV. Gentner ( 1937 ), 
by the “half-value thickness“ method, obtained the value 8-3x10* eV 
and suggested that the process of de-excitation occurred by the successive 
emission of two or more quanta. 



In curves 1 and 2 , fig. 3 , the results of absorption measurements are shown. 
The range of the secondary electrons (18-2 mm. of aluminium) corresponds 
to a value of = 11*2 x 10 * eV. This agreement with the calculations from 
the accepted mass values proves that the excited 2 *Mg nucleus may return 
to the ground level with the emission of a single quantum of y-radiation. 
The possibility, however, of transitions to intermediate states of excitation 
with the emission of softer radiations is supported by the observation that 
the “half-value thickness” of 3*5 mm. of aluminium indicates a quantum 
energy of 6 - 5 x 10 * eV. 
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(d) Magnesium 

The three known isotopeB of magnesium “Mg, “Mg and “Mg are of relative 
abundance 77-4, ll-S and IM % respectively. Capture of a proton by the 
most abundant isotope would lead to the formation of the unknown element 
®®A1. In the case of the two heavier isotopes capture might be expected 
to take place according to the reactions: 

, “Mg + iH»=“Al+Av, (6) 

*«Mg + ^H»«Al + Av. (6) 

Bombardment of sodium with alpha-particles leads to the formation of 
a radioactive element of half-life approximately 7 sec. which is presumed 
to be **A1, 


«Na-i-‘H6 = «*AH-*H. 


( 7 ) 
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The subsequent decay of the *®A1 takes place with the emission of positrons 
of maximum energy 1*8 x 10 ® eV {Frisch 1934 ), 



When magnesium targets were bombarded by protons, coincidences pro¬ 
duced by the secondary electrons released by the capture y-rays were 
detected with the standard arrangement of two Geiger-Miiller counters. 
Although of weak intensity, the yield curve for the y-radiation revealed 
at least three well-defined maxima. In an attempt to inspect the excitation 
function more closely, a single Geiger-Mtiller counter was employed and 
the results of this measurement are shown in curve 1 of fig. 4, where 
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resonance peaks occur at 580, 680 and 825 kV. It is possible that the small 
peak at 340 kV may also result from the bombardment of magnesium but 
its weak intensity precluded decisive experiments. In the region of higher 
voltages the y-emisBion was suflBciently intense for coincidence counting 
methods to be employed successfully in its detection, and curve 2 of fig. 4 
was obtained. This curve indicates the existence of another resonance peak 
in the neighbourhood of 1000 kV. 

A possible method of differentiating between the effects due to the two 
isotopes and ^®Mg is available in the study of the excitation function 
for the production of ^®A1 from according to equation (5). This reaction 
has not previously been reported, but it was found that magnesium targets 
became radioactive under proton bombardment, the half-life of the radio¬ 
active element being approximately 7 sec., in agreement with the period 
of the radioactivity produced by a-particle bombardment of sodium and 
interpreted as due to the formation of ^**A1 according to equation (7). 
The investigation of the excitation function for the production of ®®A1 
from was carried out as follows. For each value of the bombarding 
energy the proton beam was allowed to fall upon the target for a period of 
16 sec. The beam was switched off and starting 5 sec. after cessation of 
bombardment, the decay of the activity of the target was followed by means 
of a thin-walled Geiger counter placed in front of a thin aluminium window 
near the target. From the decay curves obtained in this way the initial 
intensity of the radioactivity at each bombarding voltage was calculated 
and this is plotted as a function of bombarding voltage in fig. 6, Curve 1 
indicates the existence of five resonance peaks at 180, 410, 480, 576 and 
826 kV. Curve 2 shows the results of a more detailed study of the j)eak at 
825 kV, a thinner metallic target being employed. Repeated measurements 
of the yield from diSbrent targets were made between the limits 360 and 
660 kV (curves 3 and 4) and they agree in showing evidence of the existence 
of throe resonances within this region of bombarding voltage. The differences 
in the relative intensities of the peaks in these sets of observations may be 
due to differences in target thickness and actual experimental difficulties 
in the measurements of proton current, etc. As a check on the process 
giving rise to the resonances of fig, 6, the period of the radioactivity was 
determined at four different bombarding voltages, 360, 430, 660 and 
860 kV; average values of the half-life so obtained were 7*2, 8*6, 7*7 and 
7-26 sec. respectively. 

From consideration of the method of detection it is obvious that the 
peaks of fig. 6 must be due to capture by the isotope ®*Mg. The question 
remains as to which of the two isotopes and ®*Mg is involved in the 
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production of the peaks of fig. 4. In view of the agreement in position and 
relative intensity it would seem reasonable to assign the common resonance 
at 825 kV to **Mg. Having made this assumption it may be deduced that 
the other established resonances at 580, 680 and 1000 kV (fig. 4) must arise 



150 250 350 450 550 650 750 700 800 900 1000 kV 

Fio, 6 

from capture by ®®Mg. Thus from considerations of position in the voltage 
scale the only ambiguous case is the resonance at 580 kV which is almost 
coincident with the resonance at 575 kV due to ®^Mg (fig. 5). However if 
we assume proportionality between radioactive intensity and emitted y-ray 
intensity it can be shown that the peak at 580 kV in fig. 4 must be ascribed 
to ®*Mg. The ratio of the intensity of induced radioactivity at the resonance 
peaks 675 and 826 kV is found to be 1 ; 25, while, on the other hand, for the 
capture y^rays, the ratio of the peak intensities at 680 and 825 kV is 14 : 25. 
It would appear correct therefore to allocate the resonance at 580 kV to 
^®Mg. Comparison of curves 2 of figs. 4 and 5 indicates that the resonance 
effect at about 1000 kV is due to the same isotope since there is no evidence 
of it in the yield function of the radioactivity. The argument used here would 
be invalid if the numbers of y-quanta emitted per capture changed violently 
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from peak to peak, but such a possibility seems very improbable. The rraults 
may therefore be summarized in the form shown in Table I. 

Table 1 


Isotope Resonance peak voltages (kV) 

»»Mg 180, 410, 480, 675, 826 

680, 880, 1000 



0 2 4 6 8 10 12 14 16 18 20 

nun. aluminium 
Fio. 6 


Further evidence in support of these conclusions may be obtained from 
measurements of the quantum energy of the y-rays released in the capture 
process. At a bombarding potential of 860 kV the capture y-radiation must 
be due almost entirely to *‘Mg. Absorption measurements made at this 
voltage are shown in curve 1, fig. 6, and the end-point at 18-0 mm. of 
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aluminium correspondB to a quantum energy hv = 8*0 x 10 * eV, while 
the half-value thickness” indicates a quantum energy of 4-0x10* eV, 
suggesting that the y-radiation is heterogeneous. From equation (5), 
using probable mass values (see below), the calculated value of hv is 
(9-1 ± 2-72) X 10* eV; the experimental value lies within the limits of error. 

If the bombarding potential of the proton beam is 620 kV, the isotope 
responsible for the release of a large percentage of the y-radiation is ^Mg, 
and ciirve 2 of fig. 6 shows the results of measurements obtained at this 
voltage. The end-point at 8-8 mm. of aluminium is equivalent to a quantum 
energy of 5*6 x 10 * eV and the half-value thickness corresponds to a quantum 
energy of 3-0 x 10 * eV, which again suggests the presence of softer radiations. 
According to equation ( 6 ) for protons of energy 620 x 10 ^ eV the quantum 
energy hv is equal to (H -1 + 1 - 2 ) x 10 * eV, while the end-point of curve 2 , 
fig. 6 indicates a value of 5*6 x 10 * eV for the maximum energy release. There 
is therefore a minimum discrepancy of l*3x 10 ® eV between the experi¬ 
mental and calculated values and this may indicate that transitions between 
the excited state of at about 6-9 x 10 * oV and the ground state may not 
occur. Support for this view of the process w^ould be found in the existence 
of an excited state of the ^’Al nucleus at about 1*3 x 10 * eV. By a-particle 
bombardment of **Mg an excitation level of ^’Al at 0*98 x 10 * oV has been 
found (Duncanson and Miller 1934 ) and y-rays from of about 

1 - 0 x 10 * eV quantum energy have been detected (Henderson 1935 ; 
Richardson 1938 ). 

Using the absorption method an estimate has been made (fig. 7) of the 
maximum energy of the positrons emitted by ^*A1 according to equation (7). 
At a bombarding potential of 825 kV a strong source of })ositrons is available. 
The observed end-point at 2*85 mm. of aluminium when corrected for the 
thickness of the counter wall and of the target tube con^osponds to a >^-ray 
energy of 2-2 x 10 ® eV (Widdowson 1939 ). The mass value of 2*A1 used in 
the above calculation of the energy release in equation (5) was deduced 
from this value of the positron energy (see also Livingstone and Bethe 
^937)- 

The total number of positrons emitted from a target of magnesium oxide 
after bombardment with a known proton current for a known period of 
time was measured, due allowance being made for the geometry of the 
apparatus, absorption by the counter walls, decay of the radioactivity 
during bombardment and so on. The yield of positrons per incident proton 
(reactions 5 and 7 ) was thus found to be 0-76 x 10 ~^^ at 410 kV, and at 
826 kV this is increased to 1-6 x 10 ”^*. The assumption that for each proton 
captured by »*Mg two quanta are emitted seems reasonable in view of the 

6*3 
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observed “half-value thickness” and therefore the yields of y-quanta per 
incident proton are 1-6 x 10"^^ and 3-0 x 10“^ at 410 and 826 kV respec¬ 
tively. From the ratios of the radioactive intensities at the resonance peaks 
(Table II) the yields of y-quanta per proton at various bombarding voltages 
may be calculated in the case of ®®Mg. 

Table II 

Resonance voltage X10-3 jgO 4 j 0 4 go 575 g 25 

Intensity 0*8 1*0 0*8 0*8 20*0 



0 0*5 10 1-5 VO 2-5 8 0 3*5 40 


mm. aluminium 
Fia. 7 

From curve 1 of fig. 4 it is possible to deduce the yields of y-quanta per 
proton at the resonance peaks at 580 and 680 kV arising from capture by 
®®Mg. It is apparent that the ratios of the intensities of the peeiks at 680, 
680 and 825 kV are 11; 12: 20. From the yield at 825 kV previously 
calculated (3*0 x 10“'®) the yields in the case of **Mg are 1-9 x 10“'® and 
2'1 X 10“'® at the lower voltages. These figures are corrected for the variable 
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efficiency of the counters with y-ray energy and it is assumed that, in the 
case of *®Mg, as in the case of ®*Mg, two quanta per disintegration are 
emitted. 

(e) Phosphorus 

Substituting accepted mass values in the equation 

+ (9) 

it appears that the capture of protons by phosphorus is exoergic to the 
extent of (9-46 ± 0*076) x 10® eV for zero energy of the incident proton. 
We have found that the y-radiation emitted in this process is of weak in^ 



tensity, and for the investigation of its excitation function a single (Jeiger- 
Mtiller counter was employed. The results of this measurement are shown 
in fig. 8 , from which it is apparent that the threshold value of the voltage 
for y-emisaion is 360 kV. The excitation curve obtained by using a thick 
target shows four rather broad resonances having maxima at 460, 580, 
700 and 960 kV, 
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The energy of the capture y-radiation for a proton energy of 850 x 10 * eV 
was measured in the usual manner. On account of the weak intensity of 
the y-ray 8 the absorption curve was not followed in detail beyond a thickness 
of 12 mm. of aluminium but it indicated that the end-point could not be 
less than this value and that therefore the maximum energy release is at 
least 7»6 x 10 * eV. The mixed nature of the radiation is apparent from the 
“half-value thickness” of 1*45 mm. of aluminium which corresponds to 
a quantum energy of 3 x 10 * eV. It is evident from these figures that only 
a small proportion of the radiation can have an energy approaching the 
calculated maximum value of 10-3 x 10 * eV. 

The formation of excited **Si nuclei in the reaction 

*iP-h^H = 2*Si-f*He (10) 

may give rise to y-radiation of about 3 x 10 ® eV, but the resonant nature 
of the excitation function (fig. 8 ) and the evidence of the emission of y-rays 
of an energy greater than 7*0 x 10 * eV prove that the greater part of the 
emitted radiation arises in the capture process. 

(/) Chlorine 

Evidence for the emission of y-radiation from chlorine under bombard¬ 
ment with protons was obtained in the course of experiments designed to 
check that the effects observed when using sodium chloride targets were 
actually due to sodium. The emission of y-rays from copper chloride targets 
was also detected and the intensity of the y-radiation as a function of 
the bombarding voltage was followed from 500 kV, the lowest voltage at 
which a detectable intensity was obtained. From the observations shown 
in fig. 9 it apjTears that the intensity of the y-radiation increases nearly 
exponentially with some indication of the presence of three broad resonances 
at 650, 800 and 1000 kV. 

Absorption measurements for the radiation gave an end-point at 24*0 mm. 
ofaluminium,corresi)ondingto a maximum quantum energy of 14*6 x 10 *eV. 
The equation 

+ = ( 11 ) 

indicates, using generally accepted mass values (Livingstone and Bethe 
1937 ), and taking into account the bombarding energy of the proton, 
0*9 X 10 * eV, a value ofhv^ 12 * 1 x 10 * eV. These two values of the quaiiitum 
energy are within the specified limits of accuracy of the moss determina¬ 
tions. The “half-value thickness” of 2*2 mm. of aluminium corresponds 
to a quantum energy of 4*9 x 10 * eV, indicating that the radiation is hetero- 
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geneous. Possibly y-radiation might be emitted as a result of the formation 
of excited nuclei of according to the process 

*»Cl + iH = “S + *He. (12) 



The full quantum energy to be anticipated from this process is 2 4 x 10* eV 
for an energy of incident protons of 0-9 x 10* eV but the limits of accuracy 
in the determination of mass values allow this energy release to be as high 
as 3‘4 X 10® eV. In view of the difference between these values and those 
which were obtained it seems reasonable to assume that the radiation which 
has been observed in this experiment is the capture y-radiation arising 
from process (11). 

The authors wish to thank Mr P. I. Dee for his continued interest and 
helpful advice during the course of this work. The authors are pleased to 
express their indebtedness to the Oaird Trustees (S. C. C.), to the Department« 
of Scientific and Industrial Research and Newnham College (J. E. S.) for the 
grant of awards during tenure of which the above research was carried out. 
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Summary 

The excitation functions for the y-radiations emitted by the elements 
deuterium, lithium, sodium, magnesium, phosphorus and chlorine under 
proton bombardment have been determined for energies of the incident 
protons from 0 to 10® eV. 

Resonance peaks, hitherto unobserved, have been found in the excitation 
curves for incident protons of the energies given below. 

*3Na : 425, 626, 690, 690, 756, 875 x 10» eV, 

2®Mg : 180, 410, 480, 675, 826 x 10® eV, 

2«Mg : 680, 680, 1000 x 10® eV, 

: 460, 580, 700, 950 x lO^ eV, 
a’Cl : 660, 800, 1000 x 10» eV. 

In the case of no evidence of any resonance peak other than that 
at 440 kV could be obtained. No capture y-radiation could be detected 
during the bombardment of ®Li and deuterium with protons of energies 
up to 10® eV. 

The yield of y-radiation was measured in the case of ®®Mg and ^®Mg, the 
values obtained being 3*0 x 10^® quanta per proton at 826 kV (^®Mg) and 
2 a X 10-1® for 2«Mg at 680 kV. 

The energy of the capture y-radiation was measured in each case from 
observations of the end-points of the absorption curves which were obtained 
by placing aluminium sheets between the pair of Geiger-MuUer counters 
used for the detection of the y-rays. 
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Fine structure of the Raman lines of 
carbon tetrachloride 

By a. C. Mknzibs 
University College, Soutfiampton 

(Communicated by R. Whiddingion, F.R.S.—Received 18 April 1939) 
Symmetry coksideeations 

Assuming first pf all for simplicity that the four chlorine atoms are 
identical, the greatest symmetry the CCI4 molecule could have is T^. This 
would lead us to anticipate four fundamentals, Fj, belonging to 

normal modes Aj, E, Fg, Fg, respectively, using Placzek’s ( 1934 ) nomen¬ 
clature. is the total symmetric normal mode, and so is polarized in 
the Raman effect, and inactive in the infra-red. A^ is a singlet mode. E is 
a doublet mode and Fg is depolarized in the Raman effect, while it is inactive 
in the infra-red. Fg is a triplet mode and F 3 and F 4 are depolarized in the 
Raman effect and are also active in the infra-red. 

If the Raman spectrum of CCI 4 is examined under coarse dispersion, 
lines are observed at 217, 314, 459 cm.“^, identified as Fg, f^ and f^ re¬ 
spectively, Two at 760 and 790 om,”^ are usually regarded as the result of 
resonance degeneracy between Fg and (Fj + f^), both in the mode Fg. 

Theoretical quantitative calculations 

The i)entatomio model with symmetry has been calculated by 
Itemxison ( 1926 ) using central forces, and Schaiefer ( 1930 ) has applied 
Dennison’s residts to the si)ecial case of CCI4. Urey and Bradley ( 1931 ) 
have worked out the formulae for a model in which in addition to valence 
forces a repulsion between corner atoms is postulated, Rosenthal ( 1934 ) 
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has made general calculations and continued them later with Voge ( 1936 ), 
Wu and Sutherland ( 1938 ) have deduced what the isotope fine-structure 
should be for each of the four primary Raman lines. 

Experimental obaermtion of fine strwture 

Langseth ( 1931 ) examined the fine structure of the lines, and 
ap}>eared to the eye as doublets, .when weak exposures were made, but 
stronger exposures caused the doublet structure to disappear, had the 
most interesting structure—he was able to resolve it clearly into three 
components, with separations of the order expected on the basis of an 
isotope explanation. He measured the separation directly from the plate— 
this may be expected to err in the direction of an under-estimate on account 
of the overlapping of the components. He estimated the relative intensities 
by eye, as in the ratio 10 : 10 : 6 . This makes the first component too 
strong—one would have anticipated 8:10:5, assuming an abundance-ratio 
of 3 : 1 . Langseth suggested that it might arise from the overlaying of weak 
rotational branches. 

This disagreement prompted the reinvestigation of the fine structure of 
the line, making a quantitative determination of the relative intensities 
instead of an eye estimation. 


Experimental 

The carbon tetrachloride (“Analar” from British Drug Houses) was 
contained in a demountable Raman tube, like a polarimeter tube with 
screwed ends, with a side tube convenient for filling. This type of tube is 
particularly convenient for aligning. The light was provided by two 
Cooper-Hewitt glass mercury lamps (M 12 ). These lamps are relatively 
feeble but the mercury lines are sharp—a necessity for fine-structure work. 
The lamps were placed above and below the tube respectively, and the 
light was concentrated on the tube by two pieces of 1 in. towel rail used 
as cylindrical lenses. Lamps, rails and tube were ail carried by a metal 
frame, so that the tube could easily be removed and replaced without the 
necessity of realignment. 

The spectrograph was made in the departmental workshop, using girders 
and wood left over from construction of the new laboratory. It has 3 in. 
diameter lenses, and two 80'" high dispersion glass prisms of size to match. 
The aperture of the main camera is // 20 ; the lens is mounted in the place 
of the horn on an Edison-Bell phonograph mechanism, the excellent screw 
providing means for accurate focusing. This mechanism also allows the 
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lens to be swung aside on its mounting, when its place is taken by an //3 
astronomical camera. With this, small spectrograms can be taken in one- 
fiftieth of the time, for adjusting purfjoses. 

The spectrograph is housed in a room kept at an air temperature constant 
to C, and the light is brought in from an adjoining room tlirough a hole 
in the wall. The dispersion is about 6 A/mm. near 4358 A, 

The spectra were analysed by a recording microphotometer also made in 
the departmental workshop, from designs partly original and partly helped 
by conversations with D. H. Follett of Messrs Adam Hilger Ltd., at the 
time when they were designing their mierophotometer. It uses an in- 
extensible steel tape to link the two trolleys bearing the spectrum plate and 
the recording plate. The trolleys are of stainless steel riding on ball 
bearings in V grooves. Cobalt-chrome magnets are used to form ‘‘infinitely 
variable’’ rebates for retaining the plates in position on the trolleys. The 
light-sensitive detector is a sperrschicht cell, actuating a galvanometer with 
2 sec. period. 

Intensity marks were put on the plates by transferring it to another 
spectrograph specially set up permanently for the purpose. Five spectra 
of known intensity ratios are printed on the plate simultaneously, using 
a method employing thin prisms, which will be described in detail in 
another plac^. 

Ilford “Zenith 700” plates were used; these were found by trial to be 
faster for the pur}>ose than the more commonly employed Ilford “Double 
Xpress” plates. The intensity marks were arranged to take 24 hr. to print 
so that the Raman exposures of about 50 hr. should not be disproportion¬ 
ately long. This avoids a prolific source of error in intensity measurements. 

Results 

The lines and 1^4 were each not resolved clearly; the doublets mentioned 
by Langseth were not obtained, either by weak or by strong exposures. 

had in some pictures an envelope which suggested that it had a doublet 
or triplet structure. 

in some twenty photographs was clearly triple and the highest 
frequency component was in all cases less intense than the one next to it, 
instead of the equality found by Langseth. A typical curve for excited 
by 4047 A, converted into an intensity scale, is given in the figure. 

It was attempted unavailingly to resolve this pattern, using the con¬ 
ventional diffraction maximum shape. It was then decided to approach the 
problem experimentally, and an envelope was obtained for the exciting 
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line (4047 A). This had a half-intensity width of about 1*7 but this 

was too ‘Hhin*\ In case the linos were being widened through insufficient 
constancy of temperature or of pressure (for which latter no correcting 
device was at work) the envelope was found for the 4108 A mercury line, 
recorded at the same time in the same spectrum, and this had a half 
intensity width of 1*6 cm.'”^, so that the matter was fortunately not to be 
explained in this way. 

It seemed possible that in the Raman scattering act, whether due to 
anharmonicity, pressure or other effects in the liquid, the lines might be 
broadened. This was tested on benzene and the total symmetric vibration 
line at 992 om.""^ was accordingly photographed and microphotometered 
with the same set-up. The small satellite due to was clearly 

visible, and the half intensity width of the main line was found to be 
3-5 cm."^, although it was being excited by 4047 A with a half-intensity 
width only half as great. (It is interesting to compare this result witlx that 
of Grassmann ( 1933 ) who found for the benzene 992 cm.^^ line a half¬ 
intensity width of 3*6 cm.‘~^, while Carelli and Went ( 1932 ) found 16 cm."^. 
This observation confirms that of Grassmann, but he considered that the 
Raman line was not wider than the exciting line itself.) 

Assuming that a similar broadening was at work in the case of the CCI 4 
total-symmetric line, an attempt was made to fit components having the 
same shape as the benzetxe line to the envelope. In order to select from 
all the possible solutions the most likely one, certain constraints were 
imposed on the solution: 

(а) that components should have the same half-intensity width, 

( б ) that the components should be equidistant, 

(c) that the chief aim should be to fit the upper part of the envelope, 
where the accuracy can be presumed to be higher. In this way a reasonable 
fit was foxmd with components I, II and III of the figure. The areas were 
found by weighing pieces of card of the same shape. 

If n : 1 is the abundance ratio of Cl®® to Cl®’, an elementary calculation 
shows that the relative intensities of components having respectively four, 
three, two, one, no CP® atoms should be : 4n: 1 , so that I/II 

is w/4, and II/IIl is 2n/3. These give in the particular case analysed values 
3*26 and 3*04 for n Avith a mean value 3*15. [The estimated error is about 
«%.] 

To make the comparison envelope, IV has been put in to conform with 
this value of n and so has no experimental significance. 

The separations of the three components are each 3*3 which are 

of the right order but a little higher than the theoretical values which are 
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calculated by Wu and Sutherland, 3*2 cm.“^ from Rosenthal and Voge’e 
formula and 3*1 cm from Urey and Bradley’s formula. Langseth found 
3*10 and 3*28 for the separations between I and II and between II and III 
respectively. 



Fiq. 1 . Outer firm lines/experimental intensity curve for 469 cm.line of CCI 4 ; 
inner firm lines, empirical curves for isotope oompononts; broken line, curve obtained 
summing empirical component curves. 


Conclusion and summary 

The intensities in the fine structure of the Raman line corresponding to 
the total symmetric vibration in CCI4 have been examined quantitatively 
and are consistent with a chlorine isotope explanation, since the analysis 
leads to an abundance ratio of about 3*15, in good agreement with Aston’s 
value from mass spectra. 

The total symmetric vibration Raman line (992 cm.***^) in benzene, and 
the components of the 459 cm.“^ line in CCI 4 , are considerably wider than 
the exciting line. 
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Theory of electrical breakdown in ionic crystals,* II 

By H. Fe5hlioh 

H, H, Wills Physical Laboratory, University of Bristol 
{Communicated by N, F, Mott, F,R.8.—Received 24 April 1939) 

1 . Intbodxtction 

Recently a theory of electrical breakdown in solids has been develojxed 
(Frohlich 1937 ).! theory is based on the idea that electrical breakdown 
is a phenomenon due to the acceleration of electrons, as has been suggested 
by von Hippel ( 1935 ) and others. The critical field strength at which the 
breakdown occurs has been calculated in the following way: 

In strong external electrical fields, there are always some electrons in 
the conduction levels of an ionic crystal. These electrons, which are not in 
thermal equilibrium with the lattice, may be brought into these levels by 
cold emission or by some similar ‘‘pulling out’* mechanism. Such an 
electron will make collisions with the lattice vibrations and thus lose per 
second a certain energy B{E), which depends upon its kinetic energy E, 
On the other hand, it will gain per second an energy A(E, F) from the ex¬ 
ternal field F. Now it has been shown in I that B decreases but that A 
increases with increasing energy E, Thus there exists always an energy E' 

* Based on roport L/T 106 of the British Electrical and Allied Industries Research 
Association (E.R.A.). 

t In the followitig quoted as I. 
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for which ^ = B. AnelectronwithenergyJSJlesflthan jEJ'will, on the average 
over several collisions, lose energy, whereas an electron with E greater than 
E' will gain more and more energy. 

Now it was shown in I that WccljF. Thus weak fields, for which E' 
is greater than the energy 3^ required to excite* an ion of the crystal, will 
lead to a stationary state, as discussed in more detail in another paper 
(of. Frohlich 1939 ), If, however, F is so big that E' is less than S'y the field 
will continuously increase the number of electrons capable of ionization. 
This will finally lead to a breakdown. Thus it was concluded that the 
breakdown field F has to be calculated from the conditionf E'(F) 

The actual cialculation of the breakdown field could be carried out quanti¬ 
tatively for diatomic polar crystals (alkali halides). This was possible 
because of two facts: first, the internal polarization caused by the heat 
movement of the ions may be calculated from the charges and masses of 
the ions, the residual ray frequencies and the lattice constant (cf. Born 
and Goppert-Mayer 1933 ). St^condly, the interaction between an electron 
and the lattice vibrations may be calculated from the above-mentioned 
polarization. This would not be possible for non-polar lattices. For com¬ 
plicated polar crystals, however, the second fact is still true, whereas 
a calculation of the “internal” polarization from the charges and masses 
of the ions, etc. would be mathematically very difficult. 

It is the aim of this paper to show that a quantitative formula for the 
breakdown field of any kind of polar crystal may be derived by using the 
optical properties of the crystal in the infra-red for the determination of 
the “internal” polarization. The following calculations will show that, 
according to this formula, the breakdown field of a polar crystal is com¬ 
pletely determined by its optical properties in the infra-red and ultra¬ 
violet, and by its molecular volume, 

2. The lattice vibrations 

The purpose of this paragraph is to calculate the electrical polarization 
due to the heat movement of the ions from the optical behaviour of the 
crystal in the infra-red. It is well known that each j)olar crystal has a certain 
number of proper frequencies, iV in the infra-red, the so-called 

residual, or Reststrahlen, frequencies. If the crystal vibrates with a certain 
frequency an electrical polarization is induced, which at a given 

* If an ion is excited, only a araall energy is required to ionize it. This energy may, 
therefore, be supplied fmm collisions with slow electrons. 

t A detailed discussion of this condition is given in a recent paper (Frohlich 1939 ). 
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instant of time is a function of the space co-ordinates. This function may 
be expanded as a Fourier series. Each term of this series has the form 

const. X cos [(w, r) -h 27TVit], 

where w is a wave-vector. Thus we may speak of an expansion as a series 
of polarization waves. There are longitudinal and transversal polarization 
waves, but it will be shown in § 3 that we need only consider the longitudinal 
waves. 

The most general polarization P(r, t) will be obtained by a superposition 
of polarization waves of all possible wave-lengths and frequencies. Thus 

P(r,/) = 

= (2l0* (1) 

where = const, x ( 2 ) 

and V is the volume of the crystal. 

We have now to calculate the total energy as a function of the ooefi&cients 
Then may be deduced the strength of each polarization wave from 
quantum mechanics and thermodynamics. 

The energy of eacli wave (w, v^) may be divided up into potential and 
kinetic energy. Since the oscillators are supposed to be harmonic, the 
density of the potential energy Up must be proportional to 

Up = ~ COB* [(w, r) + 2ny^t]. (3) 

Then the kinetic energy is proportional to 

sin® [(w, r) + 2nVit] 

with the same constant factor as in the case of the potential energy. 
Integrating over the whole of space, we find the total energy of one wave 
(using equation ( 1 )) 

^ ^iPwviVwvi* 

The meaning of the constants will be determined below. We shall first 


transform the expression for into a canonical form. For this purpose, 

we define the canonical co-ordinates and = 

MfX^^ (cf. equation 

( 2 )) by 


(4) 



(8) 

This leads to 

t 


(6) 
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i.e. to the Hamilton function of an harmonic oscillator with frequency 
and mass The introduction of a mass is not necessary and has only been 
made in order to give X and Y the dimensions of a length and a momentum 
respectively, thus making them equal to the X and Y used in I. We shall 
see below that does not occur in any of our final results. 

From equation ( 6 ) we obtain tlxe total energy H by summing over all 
wave numbers and frequencies 


There remains the determination of the factors For this purpose we 
proceed in the following way: We assume the crystal to be in a constant 
external electric field F. Lot 6 be the dielectric constant of the crystal. 
Then eF^j^n will be the density of the electrical energy. Since F^jSn is 
the energy of the field alone, the density of the elastic energy of the dielectric 
is given by 

{e^l)F^ FP 

Sn 2 ’ ^ ^ 


where 



F 


is the polarization of the dielectric. Equation (7) may be derived more 
directly if we consider that is the force acting on a charge c*. Assuming 
this charge to be bound elastically, P/e* is its displacement (j>er unit 
volume) and consequently JFP its contribution to the density of the elastic 
energy. In our case, the total polarization is the sum of the contributions 
of the ions, (due to their polarizability) and the contributions P^ of the 
different oscillators with natural frequencies = 1 , 2 ,..., r). Thus 

P = Po-f (8) 

The polarizability (e- l)/47r is made up in a similar way 


l) + i:,>i(€,-l), (9) 

where Cq - 1 is the contribution of the ions and Z’(€^ - 1) that of the oscillators. 
From the definition of the polarizability, it follows that 




( 10 ) 


Inserting equation (8) into equation (7), and making use of equation (10) 
we find for the energy density of the dielectric 


Sn 


pa 


27r 


Cq 1 


P| + 2;ri:<^i 


PI 

ei-V 
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ThuB the oBcillators with frequency give a contribution 2,nP\j{e^—l) 
which must be equal to the density of the potential energy, equation (3), 
assumed above for these oscillators. Thus we find 




47r 

^1* 


( 11 ) 


This means that Ijc^ is the contribution of the oscillators to the total 
polarizability.* 

The constants can be determined experimentally from the optical 
constants n, k of the crystal. From the theory of dispersion, it followsf that 


—Ac^ = e(v) == 






- V* 


( 12 ) 


Here, v is the frequency of the light for which the optical constants are 
measured and e(i') is the dielectric constant for this frequency, is the 
contribution due to the polarizability of the ions which is independent of v, 
if r is small compared with the first electronic absorption frequency Vq 
(in general in the ultra-violet). 

If we choose v such that 1 ^ 0 , e© is simply given by 

eo = n^ 

A further simplification of equation (12) is obtained for = 0. In this 
case, e(v) becomes the ordinary static dielectric constant, and equation (12) 
becomes identical with equation (9), which may be written in the form 

e-Co ^ (13) 

The left-hand side of this equation can be evaluated from the observed 
dielectric constant and from the refractive index in the visible region. 
Thus, if there is only one residual frequency Ci — 1 is known too. But if 
the crystal has more residual frequencies, the have to be determined 
from optical measurements in the infra-red. 

* In the above conwideration it wa« assumed that the potential energy of a 
polarization wave is entirely made up of what we have called elastic energy. As 
has been shown by Frohlich and Mott ( 1939 ) this is only true in the case of transverse 
waves and of »?iort longitudinal waves. Only short longitudinal waves ore, however, 
important for the scattering of electrons of an energy of several electron-volts. 

t Neglecting the Lorenz-Lorenta: force (cf. Mott and Littleton Z 93 S). 



Theory of electrical breakdown in ionic cryOaU 99 

3. Iktkraction between electron and lattice vibrations 

6lectrical potential produced by one polarization wav© 
with wave number w and frequency v,-. Then is the interaction energy 
of this wave with the electron. Hence we obtain the total interaction 
energy W by summing over all w and 

is determined by the equation 

hrom this equation it follows that only longitudinal waves have an electrical 
interaction with an electron. Inserting equation (1), we obtain 

, ‘ini , ^ . 

^Wfi ~ ~ ~~Puvi^ ***’*)> 

or. making use of equations (4), (6) and (11), 


"w ( 2nV ~) *'^} ‘ 

This expression becomes identical with the intex’action energy of an 
electron with a polarization wave deduced in I, equation (10), if we put 


for X and Y have in both cases the same meaning, f Thus we obtain the 
matrix elements in the same way as in I. The matrix element for the 
absorption of a quantum hv^, for instance, is given by 


„ 27rere,-l, “|* 

== iirL47rf • 


Here k and k' are the wave-vectors of the electron before and after the 
collision, and is the number of quanta hv^ with which the oscillator 
(w, p^) is excited. We see that the matrix element does not contain the mass 
as was to be expected. 

The matrix element for emission is the same as for absorption, if we 
replace by 

t This expression for <5^—1 is identical with tliat obtained in Bom’s theory for 
a diatomic oi^ystal, if is the reduced mass. 


7-2 
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From the matrix elements, we can calculate the time of relaxation t in 
a similar way to that used in I. The only essential difference is that we have 
now to sum over the different frequencies v^. We thus obtain 




(16) 

where 

<l>i{ T’) = 1 + '^/kT~zri ’ 

(16) 


Here, T is the temperature and Tq^ is the time of relaxation for T ^ 0^ 
due to the oscillations with frequency 


8<y/2 ’ 8m' 


I 


= n^2 


cV,{ej — l)m* 

~ ~jEi ’ 


8 m 


(17) 

(lla) 


Here, E is the kinetic energy of the electron, and Wf^ is the maximum wave 
number of the polarization waves with the frequency 
In a similar way, one can calculate the energy B, transferred per second 
from the electron to the lattice vibrations. According to the previous paper, 
I, §5, the contribution of the vibrations with the frequency is given by 


B, 


hvj HmE. 


(18) 


(2w)*7rv/ 


(19) 


Therefore B = 


( 20 ) 


4. The breakdown field 

According to I (cf. § 1 of the present paper), the breakdown field F has 
to be calculated from the condition 

A{E,F)^B(E), E^^. 

Here, A is the energy, transferred per second from the field to the electron, 
i.e. 

^ ^ e^F*T(E) 
m 

B is the energy, transferred per second from the electron to the lattice, 
given by equations (20) and (18). 
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. Introducing r from equations (15) and (17), we obtain 


eF 


/m5\* _ 7J 
\~ ” 1 


n(mh)h’‘ 

2~y~" 


- 1 Xi»'f 0<( T) X -1) pf log y}j . 

( 21 ) 


We still have to calculate the wave numbers These are in our present 
theory the only quantities which are in a direct connexion with the atomic 
structure of the dielectric medium. They have to be determined from the 
fact that the total number of the mechanical degrees of freedom of the 
oscillators must be 3iV^, if N is the number of atoms in the crystal. Since 
in an atomic theory the Wq/b would be completely determined by the lattice 
structure, must be roughly the same {w^) for all frequencies We thus 
obtain 


3F 4n ^ 



Here, r is the number of different residual frequencies of the crystal and 
n = JV/F, the number of atoms per cm.^. • 

The energy*^ will, as in I, be taken from the wave-length Aq of the first 
maximum of the ultra-violet absorption band 


.r - V. 


Thus, we finally obtain 


^)t’i<f>i(T)x V (t. -1) J'f logyJ . 

i-1 I 


5. Discussion 

We shall first write down the above expression for F in different units. 
We shall express F in V/cm. and the other quantities in units described 
below. We then obtain 

F = 6-Ox (22) 

Here, is the wave-length of the maximum of the first ultra-violet absorp¬ 
tion in Angstroms, the A/s are the residual wave-lengths in /*, d is the density 
in g./om.*, 0 the molecular weight, z the number of atoms per molecule* 
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r the number of different residual wavedengtbs; ^i(T) is a temperature 
factor, given by equation (J 6 ), and the e/s have to be determined from 
optical measurements in the infra-red, 8 ts described in § 2 (of. equations ( 12 ) 
and (13)); logy^ (- 6 ) is given by equation (19). 

It should be mentioned that in the case of a diatomic crystal (r = 1 ) 
the above expression is identical with that obtained in I, if 1 is substi¬ 
tuted from equation (14). 

Dependence on temperature 

Assuming tliat there exists only one frequency of residual rays, the 
temperature factor of F is given by 

(cf. equation (16)). This dependence on T should, however, hold only up 
to a temperature Tq, where a complete change in the mechanism of the 
breakdown occurs. is usually not less than 100 ® C. 

In Table I we shall give the value of <j)^^ at room temperature {T = 300®) 
for different residual wave-lengths A^. Note that ^4^(0) = 1 . 

Table I. T = 300® 

Xi'mp 10 20 30 40 50 60 80 100 120 

V{^4*(300)} lOJ MO 1-23 1-37 1*51 1-64 1*87 2 08 2*28 

From this table we see that F should have an appreciable temperature 
dependence below for substances with A^ ^ 30//, e.g. for the alkali halides, 
which have residual wave-lengths up to 120 //. For most of the other polar 
crystals, however, as, for instance, for silicates with A/s between 10 and 20 //, 
F should depend only very little on temperature. 

In agreement with this prediction, measurements on mica which were 
recently carried out by W. Hackett* in a temperature range between 80 
and 400® K lie between the theoretical curves for A == 10 // and A = 20 //, 
but diverge at greater temperatures in accord with the results of A. M. 
Thomas ( 1936 ). For alkali halides, the only measurements existing at 
present are some by A. E. W. Austen* on KBr which show a strong decrease 
of F with decreasing T in qualitative but not quantitative agreement 
with theory. 

* Kindly communicated by the E.R.A. to the author before publication (of. 
Austen and Haokett 1939 ). 
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Absolute values of the electric strength 

Equation ( 22 ) allows the quantitative calculation of F if all experimental 
data are obtainable. In the simple case of the alkali halides {z = 2 ) with 
only one residual wave-length, equation ( 22 ) is reduced to 

ir’ = 1 -64 X V/cm.. (23) 

if one makes use of equation (13), and of (logy^)* = 2*6 (cf. I), 

As mentioned above, this is identical with the equation for F in I, if 
one inserts for e — the value given in Born’s theory (cf. Born and Goppert- 
Mayer 1933 ,?. 646). 

The experimental data for e, % and may be taken from a table given 
in the article by Born and Goppert-Mayer ( 1933 , p. 647). For e, two sets of 
experimental values will be taken, those of Kyropoulos and those of Errera. 
The F-values calculated in this way will be distinguished by an index K 
or E, For Aq we shall use the same values as in I. In Table II we compare 
the theoretical values of F for T = 300"^ K with the experimental values of 
von Hippel ( 1935 ). Since in von Hippel^s experiments F lies in the 100 
direction, whereas the breakdown occurs in the 110 direction, we have still 
to multiply the F-value of equation (23) by a factor ^2 as discussed in I. 


TaBLK II. Fjoo IN 10* V/CM. FOR 7^=300® K 


NaCl 

NaBr 

Nal 

KOI 

KBr 

K1 

RbCI 

HbBr 

Rbl 




Theory 





F K. 

16 

— 

9-4 

7-7 

8-2 

7-7 

6-8 

6‘6 

E. 15 

13 

14 

8-9 

7*3 


8-4 

6*4 

4-7 




Experimental 





16 

10 

8 

8 

7 

6 

7 

G 

6 


This dependence on the direction means that we have to assume 
^110 < ^100 ^110 ^ where and are the effective masses in the 

110 and 100 directions respectively. For very small kinetic energies of an 
electron (A-'O) this would not be possible because of the cubic symmetry 
of the crystal. The energies near .T ( 6-10 eV), however, lie in most cases in 
a higher Brillouin zone where such a behaviour may very well be expected 
since high effective mass means potential barrier between the atoms and, 
as pointed out by von Hippel ( 1935 ), the potential barrier in the 100 
direction is much higher than in the 110 direction. 
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There is still a rather big uncertainty in the experimental values for e 
which enters in the theoretical formula for F. Nevertheless, the agreement 
with experiment seems to be still better than with the formula used in I, 
which contains Bom’s theoretical formula for instead of the experi¬ 
mental value for this magnitude, used here. 

We shall now calculate the theoretical values of F for quartz and mica. 
Quartz has four residual wave-lengths (cf. Schafer and Matossi 1930 ) of 
which we shall use only the two strongest = 8*4//, Ag = 20-5/1, This should 
involve only a small error in the calculation of F, Since for quartz e =a= 4*6 
and (cf- Landolt-Bdmstein Tables), we find, according to equation 

(13), 

^-^o = (ei-l) + (^;2“l) = 2-3. (24) 

The values of — 1 and — 1 should be determined from infra-red measure¬ 
ments. Unfortunately, the experiments available at present (cf. Schafer and 
Matossi 1930 ) do not allow a determination of and It seems, however, 
that the as 8 um]}tion = Cg is not in contradiction wdth experiment. If, 
therefore, we choose (cf. equation (24)) Ci—1 = M 6 , we obtain 

with A„ = 1200 A (cf. Landolt-Bornstein Tables) 

F-3-3xlO«V/cm. 

for crystalline quartz if the field lies in the direction in which the breakdown 
occurs. On the other hand, the assumption that only the shortest residual 
wave, Aj = 8-4// is of importance gives an ujjper limit for F, i.e. 

i^’<7*4x 10 «V/cm. 

Reliable exj^erimental values are not available at present. 

For mica the strong residual wave-lengths are the same as for quartz. 
The experimental values for the dielectric constant lie between 7-1 and 7'7, 
whereas €q 2-5, Thus, we have to replace equation (24) for quartz by 

f 5-2 

(€i-l)*f (e-g-l) = ^ 

Since there are no experiments available for even a rough determination of 
€1 and 63 , we shall first assume = eg as has been done for quartz. Fimther- 
more, there is no experimental value for Aq- Since both quartz and mica 
are silicates, and since in both cases the refractive indices in the visible, 
n ~ are nearly the same, it seems that Aq should have nearly the same 
value in both cases (probably due to the SiOg group). In this way we obtain 
F between 0*6 x 10 * and 7*6 x 10 * V/cm. for mica. It should be emphasized, 
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however, that owing to the uncertain experimental values of (e^ — 1 )/{ea — 1 ) 
and of Ao, the theoretical value for F contains the same uncertainty. 

The work of Thomas ( 1936 ) gave values up to 8 x 10 * V/cm. for clear 
muscovite mica. Since then preliminary further results communicated by 
the E.R.A. have given greater values up to about 10 or 11 x 10 * V/cm., 
while values up to 13 or 14 x 10 * V/cm. for impulse voltages have recently 
been communicated from the National Physical Laboratory. In an earlier 
paper and in correspondence with the E.R.A., von Hippel has quoted 
values of 10 x 10 ® V/cm. for mica of thickness 3*5/^. Work on thin films 
of mica still in progress by the E.R.A, gives values of the same order or 
rather higher for such thicknesses. Accordingly the theoretical values 
quoted are of the right order but appear somewhat low. It is possible to 
give a theoretical upper limit for the electric strength, by calculation on the 
assumption that is the only important residual frequency (A^ — 8*4/f). 
This limit turns out to be 15 x 10 * V/cm. which is greater than the experi- 
mental figures quoted. Further infra-red data could clear up the out¬ 
standing uncertainties. 


Dependence on thickness 

As already mentioned in I the breakdown field should increase with 
decreasing thickness if i is of the order of a few mean free paths( -- 10 “* cm.). 
A lower limit for F is easily obtained from the fact that the total voltage, 
applied to the dielectric, must be greater than the excitation energy ^ 

F>^IL 

For mica, for instance, S' — 10 V, and, therefore, F > 10 /i V/cm. This lower 
limit for F surpasses the value of F for thick layers at L5 x 10 * cm. 
We should, however, expect the beginning of the increase of F already 
at < 10 “* cm,, since the mean free path is about 10 “® cm. 

Experimental work by A, E. W. Austen* on thin films of mica, and 
kindly communicated by the E.R.A. to the author has confirmed the 
existence of this phenomenon. 


Sfmmakv 

Following the ideas on electrical breakdown developed in a ])revious 
paper, a formula for the breakdown field strength is derived which holds 
for any kind of polar crystal. 

* To be published later (of. Austen and Hackett 1939). 
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This formula makes possible the quantitative calculation of the break¬ 
down field from the optical properties of the dielectric, the dielectric 
constant and from the molecular volume. 

The breakdown field F has been calculated for the alkali halides for quartz 
and for mica. Satisfactory agreement with experimental values, when they 
exist, is obtained. 

It follows from the theory that F should be practically independent of 
temperature in the case of silicates, in agreement with experiment. For 
the alkali halides, however, F should increase with increasing temperature. 

For films thinner than about 10~^ cm., F should increase with decreasing 
thickness. 
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Introduction 

Although a particle of apparent mass number 5, attributed to the singly- 
charged helium hydride molecule HeH^, has been detected in inass- 
spectrographic work in mixtures of helium and hydrogen (Hogness and 
Lunn 1925 ) and has indeed been used to determine the mass of the deuteron 
by its position with respect to (Bainbridge 1933 ), yet no study 

of the conditions leading to its formation has previously lieen made. In 
view of the fact that no evidence of the existence of this molecule has been 
obtained from spectroscopic work it was desirable that a detailed investiga¬ 
tion of the peak appearing at mass number 5 should be made, its molecular 
form definitely established and its mode of formation investigated. 

Apparatus 

The mass spectrograph previously used by Arnot and Milligan ( 1936 ) 
and by Arnot and M'Ewen ( 1939 ) for similar investigations of the formation 
of mercury and helium molecules was employed. The details of the con¬ 
struction of the ionization chamber and magnetic analyser are given in 
the above papers. 

Electrons from a tungsten filament were accelerated to a nickel gauze 
anode by a potential Iq applied between the centre of the filament and 
Positive ions formed between E^ and a second gauze E^ were drawn 
through E^ by a potential and then further accelerated to the slit in 
the top of the oollimating tube by a potential Fg. Except where otherwise 
stated the values of Fj and F^ were set equal to 28, 10 and 190 V respec¬ 
tively, The filament emission for all the curves shown, except those in 
fig. 3 for which it vfras varied, was 1 mA. A potential of 40 V was applied 
between the Faraday cylinder and the analyser to prevent the ejection 
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of electrons from the Faraday cylinder by metastable helium atoms. This 
precaution was shown to be necessary in the work on helium (Amot and 
M*Ewen 1939 ). 

For the ion-analysis curves in fig. 1 , the hydrogen and helium were mixed 
in known proportions in a flask of 1 1 . capacity, and from there were 
admitted to the ionization chamber through a fine glass capillary leak and 
liquid air trap. Subsequently the two gases were admitted through separate 
leaks and then mixed before entering the ionization chamber through 
a liquid air trap. The composition of the mixture could be varied by 
altering the pressure of the gases in the two storage flasks. Preliminary 
tests were carried out to determine the pressures at which it was necessary 
to store the gases in the flasks so that the partial pressures of the two gases 
in the ionization chamber changed at the same rate when the flasks were 
cut off and pumping continued. The pressxire variation curves shown in 
fig. 2 were thus obtained with a mixture of constant composition throughout 
the pressure range used. The total pressure in the ionization chamber, 
except of course for the curves of fig. 2 , had values ranging from 2-5 x 10 ”® 
to 3’0 X 10 ”® mm. of Hg for the different curves. The residual gas pressure 
in vacuum runs was always below 10 ^ mm. of Hg. 


Results 

( 1 ) Analysis of the ions 

Fig. 1 shows a set of positive ion analysis curves for various mixtures 
of hydrogen and helium, the bottom curve (e) being a run in vacuum. 
We see from curve (a) that no trace of an HeH*^ peak is obtained in pure 
hydrogen. When the gas is a mixture of hydrogen and helium containing 
50 % or 90 % of helium we see from curves ( 6 ) and (c) that a well-marked 
HeH ^ peak appears. When only pure helium is admitted to the ionization 
chamber we see from curve that the HeH*^ peak is barely detectable. 
It does not completely disappear because, as shown by the vacuum run (e), 
there is still a slight amount of hydrogen present. 

In addition to the He-^ peak observed in curves ( 6 ), (c) and (d) when 
helium is mixed with the hydrogen, we observe the well-known Hj}*, H^, 
H ^ and peaks, the latter being due to dissociation of an ion on 
entering the magnetic field. These peaks have been fully investigated in 
previous positive ion studies (Smyth 1931 ) and so require no comment 
here. 

A careful search at mass number 6 , where a peak was observed by 
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Hogness md Lunn ( 1925 ) and attributed by them to HeH^, revealed no 
sign of any partioloB of this mass. 

( 2 ) Variation of peaks with pressure. 

In the previous work on the formation of mercury and helium molecules 
we have shown how it is possible to distinguish between ions formed 
directly by electron impact involving a single collision and ions formed 



magnet current (arnp.) 

Fig. 1. Positive ion analysis curves for various mixtures of hydrogen 
and helium, showing presence of HeH+ molecule. 

by a secondary attachment or dissociation process subsequent to the 
initial ionization and hence due to two collisions by observing the variation 
in the height of the peaks with change in pressure. When the ions are 
formed by direct ionization of an atom or molecule the curve rises linearly 
with increase of pressure until scattering and neutralization of the ions 
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by the gas in the analyser causes the curve to decrease as the pressure is 
further increased. When the ions are formed by a secondary process 
involving a second collision the curve goes on rising until a considerably 
higher pressure is reached, because then the number of ions formed is 
proportional to the square of the pressure. 



pressure in units of 10”“ mm. Hg at 0° C. 

Fio. 2, Pressure variation curves for hydrogen and helium peaks, (o) Primary ions 
formed by direct electron impact in a single collision. (6) Ions formed by a secondary 
process involving a second collision of the primary ion with an atom or molecule. 

Fig. 2 shows the variation in the height of the various peaks of fig. 1 
with pressure. The sharp rise and fall of the curves for and He"*" in fig. 2o 
are typical of ions formed by direct electron impact in a single collision. 
The fact that the curves of fig. 26 are all increasing with rise of pressure 
over the pressure range where the directly formed and He+ curves 
are decreasing shows that these ions H+, HeH+, and He^ are all 
dependent for their formation upon a higher power of the pressure than 
that which governs the formation of the and He+ ions. They are all 
in fact dependent upon the square of the pressure, the second collision 
resulting in dissociation, dissociation and attachment, or in simple attach¬ 
ment. For the hydrogen ions the processes are 

+ + ( 1 ) 
+ ( 2 ) 
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as shown by previous investigators (Smyth 1931 ). We have previously 
shown ( 1939 ) that the He^ ion is formed by the attachment of a metastable 
He atom to a normal He atom according to the process 

He'(lfi 2 s, »S) + He(ls», %) Ke^(ls(r^2p(r, + 

We shall show later that the HeH+ ion under investigation in this work 
is formed by the process 


H+ + He->HeH+ + H. 

At this stage we can say from the evidence of fig. 2 that the HeH'*' 
ion is definitely not formed by direct ionization of an HeH molecule, but 
is formed by a secondary attachment process. 

(H) Variation of the 'f)eaks with filament emission and with electron energy 

Fig. 3 shows the variation in the height of the HeH+ peak with filament 
emission. The linear dependence on omission shows that the number of 
HeH"^ ions formed is proportional to the first power of the emission, and 
hence that in the attachment process only one of the two particles involved 
is excited or ionized, the other particle being in the normal state. A linear 
dependence on filament emission is also obtained for the He+, and 
ions as would be expected. 

Fig, 4 shows the variation in the height of the peaks with electron energy, 
from which it will be seen that the HeH"^ ionization sets in simultaneously 
with the H^' and H+ ionization and definitely before the electrons have 
acquired sufficient energy to form He**” ions. This shows that the helium 
atom involved in the attachment process leading to the formation of the 
HeH^ ion is a neutral atom, and further that the HeH^ ions arise from 
an ionized hydrogen atom or molecule. 


The process of formation of the molecule 

The magnetic analysis curves of fig, 1 together with the pressure variation 
curves of fig, 2 show quite definitely that HeH+ molecules exist and that 
they are formed by an attachment process. The fact that the HeH+ 
ionization varies with the first power of the filament emission, as shown 
iu fig. 3, proves that in the attachment process only one of the particles 
involved is excited or ionized. Finally, the evidence of fig. 4 shows that the 
hydrogen particle involved in the attachment process is ionized, not merely 
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filament emission (niA) electron energy (eV) 

Fig. 3 . Showing variation in heights Fio. 4 . Showing that the ioniza- 

of peaks with filament emission. tion sets in simultaneously with the 

hydrogen molecular and atomic ioniza> 
tion. 



0 10 20 30 

potential Vi in volts 


Fig. 6. Showing that the HeH+ ions are formed firom ions and not from ions. 
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excited, and that the helium atom is neutral. We thus have the two following 
processes to consider: 

Ha+ + He->HeH+-fH, ( 3 ) 

( 4 ) 

It is well known that is formed by the secondary process ( 1 ) and 
therefore ( 4 ) represents a tertiary process. Consequently, if the HeH'^' 
ions were formed according to ( 4 ) wo should expect the number of HeH+ 
ions to vary with the cube of the pressure, and therefore the HeH'^ curve 
in fig. 2b should be markedly different from the three other curves for 
, and He^ ions which are all dependent upon the square of the 
pressure. The similarity of the HeH^ curve in fig. 26 to the three secondary 
process curves indicates that the HeH^ ions are also due to a secondary 
process, and hence are formed according to ( 3 ). 

Conclusive evidence that ( 3 ) is the effective process was obtained as 
follows. The total potential F, +1 g accelerating the ions into the analyser 
was maintained constant while \\ itself was varied. This altered the 
conditions in the ionization chamber and hence the relative heights of the 
various peaks. The variation in the height of the HeH+, and H ^ peaks 
with F, was obtained and the ratios HeH^/H'^ and HeH‘^/H^ plotted in 
fig. 5 . We see that the number of HeH^ ions is directly proportional to 
the number of ions and bears no simple relation to the number of H+ 
ions. This shows that the HeH+ ions are formed by the secondary process 
( 3 ) and not by the tertiary process ( 4 ). 

We would expect (3) to be the effective process on theoretical grounds, 
for the relative kinetic energy of the two colliding particles would have 
to be radiated in process (4), and it is known that radiative processes 
are very inefficient compared to those in which the excess energy can be 
carried away by a mat^erial particle such as the H atom in process ( 3 ), 

The evidence presented above shows conclusively that the helium 
hydride ion HeH+ is formed by the process 

H2+ + He~>HeH+ + H, 

which involves dissociation of the ion into H and H together with 
association of H+ and He to form the molecule. The energy required to 
dissociate the ion is 2-6 eV (Smyth 1931) and the energy liberated by 
the association of and He into HeH"^' is given by Coulson and Dunoanson 
from a comparative study of the wave functions of HeH"^ as 
certainly lying between 0-61 and 2-10 eV, the most probable value being 
about 1-5 eV. An earlier theoretical calculation by Beach (1936) gave 
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a value of 2*02 eV. Accepting the value 1-5 eV, there is an energy deficiency 
in the above process of 2*6 — 1 *5 «= 1-1 eV which must be obtained from 
the kinetic energy of the ion. 

In fig. 6 are shown the potential energy curves for the ground state and 
the ionized state of the hydrogen molecule taken from Smyth (1931). 
Coulson and Duncanson (1938) give the energy of dissociation of HeH'^ 
as 1*5 eV, and the equilibrium internuoloar distance of the lowest vibra¬ 
tional state as 0*764 A. Their work also shows that the ground state of the 
normal HeH molecule ie unstable. From these data we have drawn 
approximate potential energy curves for the ground state and the ionized 
state of the HeH molecule. 



+ MoV 


H+H 


Fio, 6. Potential energy curves for the ground states 
and ionized states of and HeH. 


The total energy, kinetic plus potential, of an H^ ion and an He atom 
at a large distance apart approaching each other with a relative kinetic 
energy of 1*1 eV is represented by the line AB lying 1*1 eV above the lowest 
vibrational state of the H^ molecule. As the ion and He atom approach 
each other, the total energy of the system remains constant as shown by 
the horizontal line A BCD, When the internuolear distance has been reduced 
to a value between C and D the quasi-moleoule H^*He rearranges itself 
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into a stable molecule HeH"*‘ in the lowest vibrational state CD and a free 
H atom which has just sufficient energy to get clear of the HeH**" molecule. 
If the approaching particles have a relative kinetic energy greater than 
1*1 eV the ejected H atom carries off any energy in excess of that of the 
quantized state in which the molecule is formed. It will be seen from 
fig. 6 that the ionization potential of the HeH molecule is 12 V, 


Summary 

An investigation of the formation of the singly-charged helium hydride 
molecule HeH^ has been made by means of a mass spectrograph. It is 
found that the molecule is formed by a collision between a singly-charged 
hydrogen molecule and a normal helium atom in which the hydrogen 
molecule is dissociated. The process is 

Ha* -hHe-> HeH+n-H, 

For this process to be energetically possible the colliding particles must 
have kinetic energy in excess of the difference between the energy of 
dissociation of (2*(i eV) and that of HeHwhich Coulson and Duncanson 
find from a wave-mechanical treatment to be about 1*5 eV. The kinetic 
energy of the Ha** ion must therefore be greater than M eV. The ionization 
potential of the HeH molecule is found to be 12 V. No evidence of the 
existence of a HeH^ molecule was found. 
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Diffraction of X-rays by crystals at 
elevated temperatures 

By G. D. Preston, M.A., National Physical Laboratory 
{Cominunicated by C. H. Desch, F.R. 8 .—Received 28 April 1039 ) 

[Plates 1-6] 

1 . Introduction 

During an investigation of age-hardening of an alloy of aluminium with 
4 % copper, a large number of Laue photographs was taken and attention 
was directed to certain anomalous streaks on these photographs which 
altered as the process of hardening took place (Preston 1938). In addition 
to these streaks, which were associated with the chemical change in the 
crystal, there were others which did not seem to change with the hardness 
and whi(jh were also present on photographs of aluminium. A further 
investigation showed that when a single crystal of the alloy or of pure 
aluminium was photographed at a temj)erature of about 550 ° C, the 
intensity of these streaks was greatly increased. The purpose of the present 
paper is to give a description of this effect which has now also been 
observed in crystals of rocksalt, periclase, diamond and zinc. The presence 
of streaks running through the normal reflexions is a commonplace on 
Laue photographs; they were observed 25 years ago by Friedrich (1913) 
in photographs of KCl and NaCl. Ten years later Faxen (1923), in a theo¬ 
retical investigation of the effect of temperature on the intensity of X-ray 
reflexion, referred to Friedrich’s observations and suggested that an 
attempt should be made to correlate these streaks with the temperature 
of the crystal. So far as I am aware this suggestion has never been carried 
out. The exj^eriments described below show that Fax6n was correct in his 
surmise that the streaks are connected with the temperature of the crystal. 


2 . Experimental 

The experimental arrangement used to obtain Laue photographs at 
elevated temperatures was very simple. The crystal to be examined was 
usually in the form of a wire or rod about 1 mm. diameter and from 3 to 
16 mm. long. It was mounted with the aid of a little refractory cement in 
a small silica holder attached to a metal base which fitted the goniometer 
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of the X-ray spectrograph. The silica holder gave some thermal insulation 
between the crystal and the spectrograph. The heating element consisted 
of a silica tube 8 mm. diameter in which a small hole was cut to admit a 
narrow pencil of X-rays, and diametrically opposite this a larger hole to 
allow the egress of rays diffracted through angles up to 40 ° to the incident 
beam. The silica tube was wound with nickel-chromium wire, the winding 
extending about 15 mm. on either side of the apertures in the tube and 
being carried as close to these as possible. The temperature was measured 
by a thermocouple of iron-constantan wire, the junction being placed as 
close as possible to the crystal. The recorded temperature is not a true 
measure of the temperature of the specimen, but it was imi)ossible to 
attach the couple to the aluminium crystal without risk of damaging the 
latter. Accurate temperature measurement was, in the present case, of 
less importance than protecting the specimen from strains. In the experi¬ 
ments with aluminium it was found that the recorded temj)erature was 
about 50 ° C less than the temperature of the specimen, which began to 
melt when the couple indicated a temperature of 610 ° C. The temj^eratures 
recorded for the other crystals (san only be taken as a very rough approxi¬ 
mation. 

The Laue photographs here reproduced have all been taken with a silver 
target operated at 60 kV peak. The distance from specimen to film is in 
all cases 5 cm. The use of intensifying screens and duplitized X-ray film has 
made it possible to obtain photographs with exposures of 10 min. with 
polychromatic radiation and of 30 min. with monochromatic radiation. 
The former is equivalent to an exposure of about 6 hr. without the screens. 
All the photographs described have been taken with the crystal stationary. 


3. Description op results 
(a) Aluminium 

The specimen consisted of a crystal grown by the strain-anneal method 
in a wire 1 mm. diameter. A piece about 15 mm. long was mounted in 
the silica holder and annealed at 500 ° C to remove any strain introduced 
in cutting off the specimen and subsequent manipulation. The orientation 
of the crystal was such that a [110] axis was nearly parallel to the axis 
of the wire, so that photographs were obtained with the X-ray beam 
parallel to [001], [TlO] and [Til], the axis of the wire being in all cases 
nearly parallel to the vertical axis of the spectrometer. The photographs 
are reproduced in figs. 1-3 (Plates 1 - 3 ). Fig. 1 a, taken at room temperature, 
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shows, in addition to the intense Lane spots, four diffuse spots sym¬ 
metrically arranged about the centre and about 1*3 cm. from it; also eight 
diffuse spots about 2-5 cm. from the centre. In fig. 16 , taken at 500 ^^ C, 
the intensity of these diffuse spots is very greatly increased, while the Laue 
spots are much fainter than in the room temperature photograph. A pro¬ 
jection of the photograph showed that the four inner diffuse spots 
corresponded roughly to Laue reflexions of indices ( 801 ), the eight outer 
ones to ( 4 ( 12 ) 3 ). In the conditions in which the photograph was obtained 
(A min. = 0*20 A), the presence of these reflexions would require the side 
of tlie cubic unit to be doubled, assuming that the spots are produced 
by the shortest wave-length present in the beam. Actually these spots 
are almost entirely due to the silver characteristic radiation, A — 0*66 A, 
as is proved by the photograph, fig. Ic, taken with monochromatic Ag Koc 
radiation, with the crystal at 500 ® 0 and in the same orientation as in 
figs, la and 6. A photograph similar to fig. Ic was obtained at room 
temperature, but the spots were very faint. 



The photographs obtained with the incident beam parallel to [110] are 
shown in fig. 2a at room temperature, and in fig. 2 b at 500 ® C. Here again 
the diffuse spots increase in intensity as the temperature is raised; they 
are here also due to the silver characteristic radiation. A tracing of the 
])hotograph obtained with monochromatic radiation is shown in fig. 4 . 
In this case the imperft^ction of the monochromator was shown up; the 
spectrograph slits transmit a wave-length band extending ± 0*05 A on 
either side of the silver Koc line, so that Laue spots are produced on the 
photograph. From their presence we can form a very rough estimate of 
the relative intensities of the diffuse reflexions and the normal Laue 
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reflexions, The band of white radiation could just be faintly seen in a 
rotation photograph of the crystal in which the silver Kol reflexions were 
quite black. The intensity of this band cannot exceed one-thirtieth of the 
silver Kol, yet it produces Laue spots which are at least thirty times as 
intense as the diffuse spots produced by the silver Kol, The intensity of 
the latter is therefore not one-thousandth of the normal reflexions. This 
estimate is necessarily very rough but indicates the very feeble nature of 
the effect we are considering. 

With the X-ray beam parallel to [ 111 ] a j)attern of diffuse spots is 
obtained, showing threefold symmetry, much more intense at 500 ® C than 
at room temperature (figs. 3 a, 6). That the diffuse spots here are again 
due to the silver characteristic was proved by using monochromatic 
radiation, 

(h) Rocksalt and periclase 

These two crystals are structurally similar and, to a first apy>roximation 
at least, the effects produced by heating are so nearly identical that they 
may here be considered together. The rocksalt specimen was in the form 
of a small rod obtained by cleavage from a large crystal of unknown, but 
probably natural, origin. The rod, at first about 15 x 2 x 3 mm., was partly 
dissolved away in water to get rid of any defects on the surface or edges 
produced in handling. The periclase was a small crystal separated from 
a mass of fused magnesia prepared in the Ceramics Section of the Metallurgy 
Department. Both crystals gave very good Laue reflexions and both 
showed the presence of diffuse spots which become more intense as the 
temperature is raised. Photographs of rocksalt with the incident beam 
parallel to [ 100 ] are shown in fig. 5 a, room temperature, and in fig. 56 at 
500 ® C (Plate 4 ), Pigs. Qa and 6 (Plate 5 ) are of magnesium oxide with the 
incident beam parallel to [110]. Comparison of these photographs with 
those of aluminium show certain differences. 

The room-temperature photograph of rocksalt seems to be identical 
with those described by Wadlund (1938), who states that he obtained a 
similar effect with potassium chloride, but failed to obtain it with mica, 
fluorite, gypsum and calcite. The photographs reproduced here show that 
the intensity of the diffuse spots is dependent on the temperature of the 
crystal. 

(c) Diamond 

I am indebted to Mr Shaw for the loan of a stone of 0'36 carat ( 72*4 mg.) 
which was roughly cut to the shape of an irregular octahedron. At room 
temperature Laue photographs were taken with the incident beam parallel 
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to [100], [110] and [111]; no diffuse spots were present, but the background 
scattering gave the impression of not being of uniform intensity. There 
seemed to be a crucifonn space of less intense blackening near the central 
spot in the [100] and [110] photographs. At 500 ° C the [100] and [ 111 ] 
photographs showed no appreciable change, but in the [110] orientation 
four faint diffuse streaks were visible. 


4. Analysts of diffraction pattern produced by aluminium 

The Laue photographs are too complex to afford much information 
about the nature of the effect we are observing. The photograph, fig. Ic, 
taken with a beam of monochromatic silver radiation, A = 0*50 A, parallel 
to a [001] axis, is the simplest and will be dealt with first. It closely 
resembles the two-dimensional diffraction pattern which would be given 
by a single net of atoms arranged at the corners and centres of a square 
net of 4*09 A side, the parameter of aluminium at 500 ° C. Zachariasen 
(1938) has suggested that the pattern observed by Wadlund in rocksalt 
is duo to a sim{)le cross-grating, but I believe that this conclusion is 
erroneous, at any rate for the aluminium pattern, for the following 
reasons: (i) the positions of the spots are not correct, (ii) spots which ought 
to be present are not observed, (iii) spots are observed for which two 
indices must be fractional. 

If we imagine the crystal to be set up with the X-ray beam parallel to 
[001] and choose a pair of axes on the photograph parallel to [100] and 
[010] then the co-ordinates (x, y) of a diffraction maximum from a square 
net (of side a) perpendicular to [001] are 

~ = AA/V{a*-A*(/t» + P)} 
and ^ = Afc/V{a® - + **)}. 

where D is the distance from specimen to photographic film. Putting 
A = ()-5(5 A, a=* 4-09 A, the values of {x, y) for integral values of (A, k) are 
calculated and plotted as shown in fig. 7. Here all the points of intersection 
of the hyperbolas h ■> const, and k = const, represent the positions of 
maxima which would be produced by a square net of atoms of side a. 
The points marked by full or open oiroles are those for which (h+k) is 
even, and would be produced by a net of the tjrpe which exists on the 
cube faces of aluminium; i.e. two nets of side 4-09 A intermeshed, and one 
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haring its origin at the centre of the other; it is a square net of side a/i/2. 
The points which are observed in fig. Ic have been marked with full 
circles: they have indices (20) and ( 31 ); ( 33 ) if present is very weak. The 
values of (a:, y) for the points ( 20 ) and ( 31 ) are as follows: 

Calc. Obs. 



2x 


2x 

2y 

20 

2-91 

0 

2*75 

0 

31 

4-66 

1-55 

4*8 

1*6 


The difference between calculated and observed values is small, but rather 
larger than can be accounted for by experimental error. 


?»-0 1 2 3 



If the pattern really arose from the presence of single sheets of atoms 
in the crystal we should have all points for which (h + k) is even represented 
in the photograph. They are not all present; (11), ( 22 ), ( 40 ) and ( 42 ) are 
absent and (33) is very weak. In addition to these absences there are 
others. We cannot suppose that the particular cube axis along which the 
incident beam travels is favoured, and if nets exist perpendicular to it 
there will also be nets perpendicular to the other two cube edges. These 
nets will give rise to maxima lying at the intersection of the circles I, 
I = 2 (fig. 7 ) with the two sets of hyperbolas h = const, and k ^ const. 
Thus the net perpendicular to [100], i.e. a (100) plane of the lattice, would 
give reflexions where the circle I *= 1 cuts the hyperbolas A: = 1, « 3 ; the 

condition that k-hl must be even cutting out the reflexion These 

points and the corresponding ones for the net (010) are marked with 
crosses in fig. 7 ; none of them is observed. 
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Turning now to the photograph (fig. 2) taken with the incident beam 
parallel to a [110] axis the four spots arranged in pairs on either side of 
the vertical axis will have indices of the type (All) with A = — 0 * 75 , on the 
cross-grating view. They fall close to the calculated position. The point 
lying on the vertical axis must have indices of the type (AAi!) and calculation 
shows that its position is consistent with the values A = 0*2, I = 2. Two of 
the indices are fractional, which is quite inconsistent with the idea that 
a cross-grating is responsible for the production of the spots. The cross- 
grating should produce a pair of spots of indices ( 0 * 4 , 0 , 2 ) one on either 
side of the vertical axis as indicated in fig. 4 . 

In photogra]>hs of an alloy of aluminium with 4 % by weight of copper 
aged at room temperature, the points ( 0 * 4 , 0 , 2 ) are quite definitely ob¬ 
served ; the points missing from fig. 1 c are also present. In this case we 
are justified in inferring that the pattern is duo to the separation of copper 
atoms on (100) planes of the crystal which thus produce the diflfraction 
effects characteristic of a two-dimensional grating. The temperature spots 
in the pure aluminium must be assigned to a different cause; the resemblance 
of the patterns to cross-grating spectra is misleading. The fact that the 
intensity of the spots increases as the temperature of the crystal is raised 
suggests that their presence is connected with the temperature vibrations 
of the lattice. The frequency of the atomic vibrations is of the order of 
10 ^^ per sec. and is small compared with the frequency of the X-rays, 
about 5 X 10^^ per sec. Thus in a time of the order of 10“^ sec. an atom 
will have described one hundredth of its orbit while in the same time a 
train of 5000 X-rays will have been diffracted by it. So far as the X-rays 
are concerned the atoms may be regarded as being at rest, but slightly 
displaced from the positions of exact geometrical regularity. The displace¬ 
ment conosponding to a particular frequency of the lattice vibration will 
be a periodic function of the position of the atoms. The effect of this wave¬ 
like disturbance of the regularity of the lattice is to produce a series of 
‘"ghosts” associated with the normal spectra; if the disturbance consists 
of a very large number of lattice waves these will produce a continuous 
faint background on the Laue photographs. The experiments described 
above show that this background is not of uniform intensity but possesses 
well-marked maxima. The simplest explanation of the presence of these 
maxima is to suppose that the thermal vibrations are of such a nature 
that the crystal is divided up into small groups of atoms; in each group 
the face-centred arrangement is accurately maintained, but neighbouring 
groups have slightly different spacings due to a wave of dilatation, or are 
inclined at a small angle to the average direction of the crystal as a result 
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of a wave of shear. The smallest group would consist of an atom and 
three of its neighbours; the atoms at the points (000), (0^1), (and (H^)- 
These will contribute to the amplitude of the dilFracted ray, in a direction 
defined by (hkl), terms of the type 

:= 1 -f COS n{h + k) + cos 7 r{k + Z) + cos ir{l + A), 

G = sin v(h -f k) -f sin 7T{k -}- Z) -f- sin 7r{l 4* A ), 

the intensity being proportional to the sum of the squares of these two 
quantities. The numbers (hkl) which define the direction of the diffracted 
ray are to be thought of as varying continuously and are not confined to 
integral values. They are, however, subject to one restriction, namely that 
the point in reciprocal space which they define must lie on the sphere of 
reflexion. For the photograph fig. Ic, for instance, the relation 

4: 

defines one of the numbers h, fc, Z when two of them are chosen. 

The group of four atoms considered above can be used to build up the 
face-centred lattice which can be regarded as groups of four placed at the 
comers of a simple cubic cell. A more natural group to take would be an 
atom and its twelve neighbours. The analogous expressions for this group 
do not differ much from F and 6r ; for the sake of simplicity the values 
of have boon taken as representing approximately the way in which 
these functions vary and their values have been computed along lines such 
m h ^ 0 , h ^ \, h — k on the different photograi)hs. The neglect of the G 
term does not introduce any serious error so far as consideration of the 
salient features of the x^hotographs is concerned ; its inclusion would be 
necessary if we x)ropo8ed to discuss any detail. In fig. 8 the value of F® 
is shown along the lines h = 0, h = 1 and h = k of fig. Ic or fig. 7 . At the 
top of fig. 8 scales showing the values of {hkl) are included and the observed 
spots are marked by a cross (+). In figs. 8cz and h the j)oints for which 
{hk) is approximately ( 20 ) and ( 31 ) occur as well-marked peaks on the 
F® curve. Fig. 8c shows F® along the line h —k\ the larger of the three 
peaks corresponds to (hk) - ( 33 ) and is only observed as a very faint 
reflexion. The two smaller ]Deaks are not observed; the discrepancy arises 
from the choice of the group of four atoms, if a larger group hod been 
chosen these two peaks would have disapx^eared from the curve. Fig. 9 
refers to the photographs with the X-ray beam parallel to [ 110 ] and 
shows the variation of F® along the lines h -0 and h =« k. Here again there 
is evidence that the group of four atoms is too small; the smaller peak in 
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fig. 9 a corresponds to the point ( 0 A 2 ) of fig. 4 ; it is really a shoulder of the 
peak {hh 2 ) of fig. 96 . The larger group would reduce the intensity of this 
shoulder and leave the peak (hh 2 ) as observed. Fig. 10 shows the jP® curves 
for the lines h^k and li — 0 of the photographs with the X-ray beam 
parallel to [111], fig. 3 . The agreement with the observed reflexions is 
quite good. It will be noticed that on the left-hand side of fig. lOa both 
h and k are fractional. 


?-0 12 ;-0 12 /-O I 2 3 



(I h c 

Fio. 8 



a 

Fia. 9 


h 



a b 

Fig. 10 


Diffraction of X-rays by crystals at elevated temperatures 125 

It has been mentioned above that the positions of the reflexions are not 
quite consistent with the view that they arise from a cross-grating. The 
question arises whether on the view now put forward the positions of the 
spots correspond accurately with the maxima of the function and 
The intensity of reflexion is 

/ ~ - 4(1 +C08 nh ooBirkooBnk cos Tri + cos ttZ costtA) 

for the group of four atoms considered above. For the group of thirteen 
atoms, consisting of an atom and its twelve neighbours, the intensity is 
(/“ 3)* so that the maxima of this group occur in the same places as those 
of the group of four atoms. The intensity I has a maximum value, 16, 
when hkl are integers, all even or all odd; / s 0 if hkl are integers, mixed 
even and odd. We are concerned with the value of / on the sphere of 
reflexion; let hkl be three integers, all even or all odd, defining a point in 
space near to the surface of the sphere of reflexion. If (A ’i-e, k +/, 1 + ^) is 
a neighbouring point such that c,/, g are small compared with unity, it can 
be shown that the change, (?/, of J in passing from (hkl) to (A -f e, A 4-/, ^ -f g) 
is 

^4-+ g ^)* 

The contours of equal values of I surrounding the maxima are spheres 
so that the maxima of I on the sphere of reflexion are found where the line 
joining a point such as hkl to the centre of the sphere of reflexion intersects 
the surface of the sphere of reflexion. In the case of the photograph 
fig. Ic with the X-ray beam parallel to [001J the co-ordinates of the 
maxima on the plate are now 

X h y _ k 

73 ^ a f D a f 

where A, A, I are integers, all even or all odd, defining a point in reciprocal 
space near the surface of the sphere of reflexion. The numerical values 
are as follows: 

Calc, Obs. 

hkl 2y 2x 2y 

200 2-78 0 2*76 0 

311 4-84 1*61 4-8 1-6 

The agreement is well within the limits of error and the discrepancy noted 
in connexion with the cross-grating is removed. It should be observed 
that in the above table (200) and (311) are not the indices of the reflecting 
points; they lie near to but not on the sphere of reflexion. 
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National Physical Laboratory under the supervision of Dr G. H. Beach, 
to whom I am indebted for his continual interest and encouragement. The 
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work has been carried out under my direction by Mr J. Trotter, and I am 
glad to record my appreciation of the care which he has bestowed on 
the work. 


Summary 

A description is given of certain diffuse spots which appear on Laue 
photographs of single crystals of aluminium, rocksalt and periclase; these 
spots do not belong to the normal Laue pattern and their intensity increases 
as the temperature of the crystal is raised to about 600*^ C. Analysis of 
the photographs of aluminium leads to the conclusion that the presence 
of the diffuse spots can be explained by the thermal vibrations of the 
lattice, which break the crystal up into groups, consisting probably of an 
atom and its twelve neighbours. The thermal vibrations cause the inter¬ 
atomic distances to vary slightly from one group to another so that new 
diffraction maxima, characteristic of the group of atoms, are produced. 
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Fig, 3. Aluminivun, X-rays parallel to [110], [110] vertical, 
re^dueed to two-thirds origirial size, 
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Resonance phenomena in the scattering of 
a-particles by some light nuclei 

By S. Devons, M.A. 

Senior Rouse Ball Student, Trinity College, Cambridge 
{Communicated by W, L. Bragg, F,R,S.—Received 1 May 1939 ) 

I. Inteobuction 

The early experiments of Chadwick and Bieler (1921) and Rutherford 
and Chadwick (1927) showed that it was possible, in the case of light 
nuclei, to observe deviations from the classical-coulomb scattering laws 
by using the a-particles from radioactive sources. The departure from the 
classical scattering was found to be most marked at large energies, the 
ratio of the actual to the classical scattering appearing to increase very 
rapidly with energy for the most energetic particles used. Later experi¬ 
ments by Riezler (1932, 1935) extended these early observations, but also 
showed that in one case, the large angle ( 150 '^) scattering by carbon, the 
departure from classical scattering does not become uniformly greater 
for increasing energy of the a-particle, for large a-particle energies, but 
shows a marked maximum at 5 MeV. This result was subsequently inter¬ 
preted by Wentzel (1934) as a resonance phenomena. 

In the experiments of Riezlor the resolution with respect to energy of 
the scattered particles was rather low. In addition the scattering was not 
observed at a sufficiently large and closely spaced series of energies to 
decide whether or not the ratio to classical scattering did increase con¬ 
tinuously with increasing a-particle energy, for very fast particles, in 
cases other than carbon. In the case of carbon itself, the maximum in 
the scattering ratio was rather broad (about 1 MeV) and it was not possible 
in view of the low resolution of the experiments to decide the real width 
of the resonance maximum. Since the experiments described here were 
carried out, observations of the scattering of a-particles in oxygen and 
neon have been published by Brubaker (1938). In both these cases resonance 
phenomena are in evidence, btxt even in these experiments the resolution 
with respect to energy was not very high and the spacing of the observa¬ 
tions not as close as is desirable. 

According to the present theory of nuclear structure the scattering ratio 
for a-partioles and light nuclei should show marked resonance phenomena 

[ 127 ] 



128 


S. Devons 


with varying a-particle energy in the same way as the cross-section for 
disintegration by a~particles. Numerous experiments on the disintegration 
of light nuclei by a-particles have shown that resonance phenomena occur 
for a-particle energies of between 4 and 8 MeV, and that the widths of 
these resonances are of the order 0*1 MeV in most cases and the spacing 
of the resonances usually of the order 0*5 MeV apart. It would be of 
interest, then, to obtain more complete data concerning the variation of 
the scattering ratio with energy in order to ascertain under what cir¬ 
cumstances resonances similar to those observed in disintegration experi¬ 
ments are observable in scattering experiments. A more detailed theoretical 
discussion of the conditions required in order to observe resonance in 
scattering is given below. The main exj^erimental conditions required are 
a high energy resolution and a large scattering angle, in so far as these 
conditions can be obtained without too large a sacrifice in the intensity 
of the scattered beam of particles. 


II. Experimental method 

In order to obtain a high resolution with respect to energy all the 
elements studied were used in the form of gases. In this way the scattering 
of a-particles in helium, carbon (as C2Ha)> nitrogen, oxygen, fluorine (as 
Cr4) and neon was investigated. The experiments with helium were carried 
out by the usual annular ring method and will be described in a separate 
communication. In the other cases this experimental method does not 
allow of high energy resolution at large scattering angles and a somewhat 
different geometrical arrangement was therefore used. A diagrammatic 
cross-section of the apparatus employed is shown in fig. 1. 

The source S is an active deposit of Ra (B + C), etc. of about 40 milli- 
curies on a small polished platinum or nickel button 3 mm. in diameter. 
A beam of a-particles from this source is defined by the circular aperture A, 
5 mm. in diameter, covered by a mica window of stopping power equivalent 
to 7 mm. of air. The distance iSA is 4*5 cm. The pressure of air between S 
and A can be adjusted and measxired on a mercury manometer. In this 
way the energy of the a-particles in the scattering region can be altered 
by small and exactly known amounts. In addition mica screens can be 
introduced in front of the source in order to produce large differences in 
the a-particle energy or to out off the a-particles completely in order to 
measure the “natural*' count. The beam of a-particles passes into the 
gas to be investigated, contained in the brass cylinder C, and at a pressure 
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varying between 5 and 40 cm. according to the gas being used and the 
energy of the a-partioles. 

The scattered a-particles which are detected are defined by the annular 
slits S2 which define both the range of scattering angles and the effective 
target for scattering (shown shaded in fig. 1). The mean scattering angle 



Fig. 1 . Api>aratus. 


is 90 ° and the range of scattering angles about 10 °. The effective thickness 
of the scattering target corresponds to about 1*0 mm. of air stopping power. 
All the particles passing through the slits 6'j, enter the ammlar ionization 
chamber formed by the plates P, Q. The collecting electrode P is supported 
by a sulphur ring to the case of the apparatus and the connexion to the 
grid of the first valve is insulated by means of a quartz plug. This ionization 
chamber is suitable for counting a-particles in the presence of quite strong 
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y-ray sources for voltages of the plate Q above about 250 V. In the aotual 
experiments Q was maintained at 300 V. The background effect due to the 
presence of the strong y-ray source S is reduced to a minimum by placing 
as much lead as possible between P, Q and S (the lead is shown black in 
fig. 1); and also by constructing the plates P, Q of thin aluminium (0*5 mm. 
thick). All the slits were made of aluminium in order to reduce 

extraneous scattering. The atixiliary slit is placed in such a position 
that it is necessary for an a^particl© to be scattered three times from 
a solid surface in order to enter the ionization chamber without being 
scattered from the gas. 

Extraneous scattering can be measured by filling the scattering chamber 
with helium. The range of the a-particles scattered at angles of 80'^ or 
more from helium nuclei is so small that these particles are unable to enter 
the ionization chamber and be recorded. Any observed scattering in this 
case must then be due to scattering from iiw slits or to multiple scattering 
in the gas. The actual observed effect in this case is found to be negligible. 

The size of the impulses produced by scattered a-particles traversing 
the ionization chamber varies from about twice to foiu* times the height 
of the background, according to the pressure of gas, but does not vary 
by more than 50% for a particular gas pressure. The variation is much 
less for all but the smallest a-particle energies used. It is therefore possible 
to separate the impulses produced by a-particles from those that might 
be produced by disintegration protons entering the ionization chamber. 
A small aperture 0 covered with mica of 3 mm. stopi^ing power can be used 
to introduce a-particles of known range into the ionization chamber and 
thus enable the “bias'’ on the amplifier to be adjusted. 

All the scattering measurements were made at one fixed range of angles, 
the mean scattering angle being 90®. This angle was chosen since attention 
was primarily directed towards measuring the variation of scattering cross- 
section with energy, and the energy resolution of this type of apparatus 
is greatest for a scattering angle of 90®. 

Brubaker (1938) has recently used an arrangement similar to that 
described here for the measurement of the scattering of a-particles in 
oxygen, neon and argon. The annular ionization chambers used by Brubaker 
were of a toroidal shape with a loop of wire round the axis of the toroid 
as the collecting electrode. This construction seems rather more elaborate 
than that described above and possesses further disadvantages. First, 
the background of such ionization chambers in the presence of y-rays is 
usually higher than for an ionization chamber with plane electrodes owing 
to the large potential gradient near the surface of the wire. Secondly, the 
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ionization produced by particles entering the toroid depends quite con¬ 
siderably on the exact direction of the particles, since the field in such an 
ionization chamber is not even approximately uniform. In Brubaker's 
experiments the size of the a-particle impulses recorded varied from twice 
to eight times the background height and it was therefore impossible to 
avoid counting some disintegration protons or to miss counting some of 
the scattered a-particles entering the ionization chamber. 

Two sets of experiments were carried out with each element studied. 
In the first of these the variation of the number of scattered particles with 
a-partiele energy was observed, the observations for the whole range of 
a-particle energies being carried out with each a-particle source prepared. 
In the second set of experiments the scattering was measured for only 
one or two a particle energies, with each source, after which the gas being 
investigated was pumped out and replaced by argon at a pressure corre¬ 
sponding to the same stopping power per ctu. of path. The scattering in 
argon was then measured for a series of energies, including the energies 
for which the scattering in tlie other gas had been measured. From the 
variation of the scattering with energy ( —Ninnber of scattered particles 
proportional to (Energy)’^) in the case of argon it was found that for 
a-particle energies up to about 5 MeV the scattering in argon is classical. 
It is possible then to calculate the exjxjcted scattering in any gas for the 
classical case, knowing the actual scattering in argon. The ratio of the 
classical to the actual scattering is therefore determuied for a few energies 
hy the second set of observations. This together with the first set of 
experiments gives the variation of the scattering cross-section (in terms 
of the ratio to classical scattering) for the whole range of energies. 

In the results given below the errors indicated are for relative values of 
the scattering cross sections. The absolute values are liable to additional 
error up to about 10 % on account of the uncertain purity of the argon 
used. In addition the values of the scattering at the lowest energies are 
liable to be too low owing to straggling and small angle scattering of the 
a-particles in the gas between the source and the scattering volume. 
I'his straggling etc, will give rise to different effects in the case of argon and 
the lighter nuclei owing to the difference in the velocities of the scattered 
a-particles (with the same primary energy) in the two cases, 

III. Experimental results 

Carbon. The gas used in this case was acetylene (C2H2) obtained from 
a solution of the gas in acetone. The latter was removed by passing the 


9-2 



132 


S. Devons 


mixed gas and vapour through a multiple U-tube immersed in a slush of 
solid CO2, at which temperature the relative amount of acetone in the 
gaseous mixture is negligible. In counting the scattered a-particles the 
bias’" of the counter was adjusted so as not to count recoil hydrogen 
nuclei. The results of the experiments are shown in fig. 2. 



Fig. 2 . Scattering of a-partioles by carbon. 


The scattering was observed for two ranges of energies, from 3*0 to 
5*0 MeV and 4-5 to 6*5 MeV, a different gas pressure being used in the 
two ranges. The observations were made at energies about 0*2 MeV apart 
so that with the resolution used (about O-I MeV) even sharp resonances 
of sufficient intensity should have been observed. Between 60 and 200 
particles were counted at each energy, the scattered intensity being rather 
small in this case. 

The errors shown in fig. 2 are derived from the statistical fluctuations 
in the number of particles counted. The dotted lines represent the maximum 
anomalies in the scattering that are theoretically possible for compound 
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nuclei (i.e. scattering nucleus plus the scattered a-particle) having total 
angular momentum (or spin) equal to 0, 1, 2, etc. quantum units. The 
significance of these maximum values is discussed below. 



Fro. 3. Scattering of a-particles by nitrogen. 

Nitrogen, The scattering has been observed for energies of 3‘0-(l-5MeV. 
The results are shown in fig. 3. Nitrogen is disintegrated by fast a-particles 
according to the reaction 

so that it was necessary in the experiment to arrange the '' biason the 
counter so as not to count the disintegration protons. 
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In calculating the theoretical maxima for scattering, the 8implif3ang 
assumption was made that the compound nuclei had total angular momen¬ 
tum equal to the orbital momentum of the a-partiole on collision, or in 
other words the spin of the nitrogen nucleus was neglected. The true 
theoretical maximum will usually be smaller than the approximate value, 
but the exact difference depends on the manner in which the orbital 
momentum of the a-particle and the spin of the scattering nucleus combine. 



Fia. 4. Scattering of a-partioles by oxygen. 


Oxygen. The scattering in oxygen has been observed for energies of 
2 *8-{i*2 MeV the results being shown in fig. 4. As in the case of carbon the 
scattering nucleus possesses zero spin so that the assumption that the spin 
of the compound nucleus is equal simply to the orbital momentum of the 
a-particle gives the correct values for the theoretical scattering maxima. 

Flvmme. The scattering was observed for a-particle energies of 2*7- 
6*0 MeV. The gas used was carbon tetrafluoride.* The same considerations 
with regard to disintegration protons and angular momenta are applicable 

♦ I wiah to express my thanks to Professor O. Ruff (Breslau) who kindly supplied 
the carbon tetrafluoride tised in these experiments. 
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in this case as with nitrogen. An allowance has been made in this case for 
the scattering due to the carbon present. This has been made by using the 
results of the experiments on the scattering in acetylene. The actual 
contribution of the carbon nuclei to the observed scattering is only a few 
per cent. The results of the experiments with CF^ are shown in fig. 5. 



Fig, 5, Soattcjririg of a-partidos by fiuorine. 
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Neon, A few experiments have been carried out using neon as scattering 
gas, the range of a-particle energies covered being 2'6-4*9 MeV. Disintegra¬ 
tion protons are present in this case. The results are shown in fig. 6. 

The scattering of a-particles in both neon and oxygen has been studied 
by Brubaker (1938) for several scattering angles. The result of these 
experiments is discussed below together with the results presented here. 
The scattering in argon has teen used throughout in order to find the 
actual values of the scattering in other cases as a ratio to the Rutherford 
scattering. This scattering in argon is assumed to be classical. In order 
to verify this, in the range of a-particle energies for which the scattering 
in argon has been used as a comparison standard, the variation of the 
number of scattered particles {N) with energy (E) was observed. It is 
found that, in accordance with the assumption of classical scattering the 
quantity NE^ is constant. The actual values obtained for this quantity 
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in a typical experiment with argon (after the scattenng had been measured 
in some other gas with the particular ce-particle source) are shown in fig. 6. 
Such experiments with argon were usually made after a scattering experi¬ 
ment in a particular gas in order to check that the straggling was not 
exceptionally large for the source being used. 



MeV 


Fio. 6. Scattering of a-particlea by neon and argon. 


IV. Thkoretical 

It has been shown by Bethe (1937), by applying the dispersion theory 
of Breit and Wigner (1936) and Bethe and Placzek (1937) to the special 
case of elastic scattering that the anomalies in the scattering ratio due to 
a single resonance level can be expressed approximately in the form 


J? is the ratio of the scattering due to the resonance level (which is denoted 
by the subscripts, r, /) to the classical-coulomb scattering; E is the energy 
of the scattered particles; y,; the total width of the excited level of the 
compound nucleus formed by the scattered particle-i-scattering nucleus; 
p is given by the equation 

. 6 


(2/-fl)A^" 


yti 2 


jFj(0O8^), 


( 2 ) 
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in the case when both the scattering nucleus and the scattered particles 
have zero intrinsic spin. I is the total angular momentum (spin) of the 
compound nucleus and is equal, in this special case, to the orbital angular 
momentum of the scattered particle; A is the de Broglie wave-length of 
the scattered particles; 7*/ is the partial width of the level r, 7, with respect 
to the process of elastic scattering only, referring to the width for all 
possible modes of disintegration of the compound nucleus. M, v, ze are 
the reduced mass, velocity and charge of the scattered particle, Ze the 
charge of the scattering nucleus and 6 the reduced angle of scattering. 

Equation (1) illustrates the theoretically expected resonance nature of 
the scattering process, R passing through maxima when the energy of the 
incident a-particle equals the resonance energy E^. 

The conditions that are theoretically necessary in order to observe 
resonances are at once apparent from equations (1), (2). In order that R 
should 1x5 large when E is equal to E^. the partial width for elastic scattering 
should be a large fraction of the total width of the level, v and 0 should be 
large and Z small, i.e. resonance scattering is most likely to be observed 
for large angle scattering by light nuclei which have a small probability of 
disintegration by the particles employed. Iri cases where the incident 
particle can either be scattered elastically or produce a disintegration of the 
bombarded nucleus, the relative widths of the excited state of the com¬ 
pound nucleus for the two processes depend chiefly on the energy available 
for the processes and the relative potential barriers for the scattered and 
disintegration particles. 

For a-partiole energies equal to, or less than, the height of the potential 
barrier, only levels of the compound nucleus with small spin will be effective 
in producing resonances in scattering, since the potential barrier for 
charged particles with large angular momentum is much higher than for 
those with zero angular momentum, and the penetrability of the barrier 
consequently smaller. The term yjlj is directly proportional to the penetra¬ 
bility of the barrier and the anomaly in the scattering contains the factor 
(y{!j)®. Hence resonance effects produced by particles with large orbital 
momentum will only be observable for energies large compared with the 
potential barrier. In addition, quite independently of the barrier effect, 
only those particles with angular momentum quantum number, I, such that 

IX (3) 

(A is the de Broglie wave-length of the particles and r the radius of the 
nuclear forces) will be strongly affected by the short-range nuclear forces. 
Thus one would expect in general a rapid rise in the scattering cross- 
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section with energy for high energies owing to the increase in the 
effect of the particles with large orbital momentum. Furthermore, the 
total, as well os the effective level density, increases with energy and this 
contributes to large scattering at high energies. It would seem then that 
resonance in scattering is most likely to be observed with particles of 
energy of the order of the height of the potential barrier of the scattering 
nucleus. 

The approximate theoretical maximum for the anomaly in the scattering 
due to resonance obtained by putting E — and yh = ^ equation (2), is 




4 ( 27 +l) 2 P|{co 8 6^)/?M 


( 4 ) 


This expression applies only to the case when both the scattering nucleus 
and scattered particle have zero intrinsic spin. In the case of a-particles 
and nuclei with non-zero spin the calculation of the theoretical scattering 
recpiires the additional knowledge of the spin of the compound n\icleus 
in addition to the orbital angular momentum of the scattered particle. 
The above expression for iZmax refers only to the resonance scattering of 
a-particles with a particular orbital momentum. The actual scattering 
observed will include in addition the ordinary coulomb scattering contri¬ 
bution from particles with all angular momenta. The values of 
shown in figs. 2-6 refer to the resonance scattering only. The particular 
results obtained for a-particle scattering are discussed below. 

Carbon, The compound nucleus formed in this case is so that 
resonance in scattering will be caused by excitation levels in this nucleus. 
The curve showing the relation between E and a-particle energy (fig. 2) 
shows a rather brood maximum for an energy of 5-8 MeV. The scattering 
of a-particles in carbon has been studied previously by Riezler (1932) 
using a scattering angle of 160 "". Riezler found a maximum scattering 
cross-section corresponding to 7?= 15 at an energy of about 5*4 MeV. 
The anomaly (which is, within experimental error, at the same energy as 
the maximum found here) at both angles of scattering is consistent with 
an excitation level of 0 ^® with energy 11*3 MeV* above the ground state, 
and with spin, 7 , of one quantum unit. This level seems to be broad, half¬ 
width of the order 0*5 MeV. In this case the width of the level must be 
due entirely to re-emission of the a-particle, i.e. scattering, since the only 
other process energetically possible is y-ray emission, For orbital momentum 

* This is obtained by using the accepted values for the masses of He* and C**. 
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of the a-particle of one, the barrier height of the carbon nucleus is con¬ 
siderably less than 5»8 MeV, so that it is not difficult to understand the 
resonance being broad. There is some indication of other resonances at 
lower energies but more data would be required to confirm their existence. 
A peculiarity of the scattering in the present case is that the value of R 
does not seem to approach one, even at energies of about 3 MeV. Further 
experimental data, particularly at lower a-particle energies, is required 
to confirm and investigate this effect. 

Nitrogen. The scattering ratio shows a marked and rather narrow 
resonanc/C at an energy of 5*2 MeV and another less definite one at 4*0 MeV. 
For sufficiently energetic a-particlos, the compound nucleus formed in 
this case, can disintegrate into 0 ^’ and a proton or F^’ and a neutron. 
Since both these processes are endo-thermic, the energy of the proton or 
neutron is not so large as to make the partial width , with respect to a-particle 
emission, of levels of F^^ small compared with the total level width. It 
seems reasonable then, to attribute the resonance at 5*2 MeV to particles 
with orbital momentum of two, although in this case momentum will not 
be equal necessarily to the spin of the compound nucleus owing to the 
intrinsic spin of the nucleus. The width of the level seems consistent 
with this a-particle energy and momentum. 

Resonances for the emission of protons when nitrogen is disintegrated 
by a-particles have been observed by several investigators. There seems 
no indication that these resonances occur at the same energy as the 
resonances for scattering, a result which is quite consistent with the 
theoretical view that the resonances for the two processes are competitive. 
Resonances in the neutron reaction have been observed (Funfer 1938 ) 
but at energies greater than those for which scattering has been investigated. 

Oxygen. The scattering ratio at 90'" in oxygen seems to be very small 
indeed for an a-particle energy of about 4*6 MeV. A zero cross-section for 
elastic scattering at a particular angle is theoretically possible only if 
scattering is the only process energetically allowed, a condition which is 
very nearly obeyed in the present case. 

The scattering maximum at 5*8 MeV corresponds to a level in Ne*® with 
an excitation energy of 9*4 MeV and the size of the anomaly indicates 
a spin value for the level of at least two (O'® itself has a zero spin). Brubaker 
has investigated the scattering in oxygen at several angles. There is 
a marked point of inflexion in Brubaker’s curve at an energy of 5*8 MeV 
for the scattering at 88 ^, a result in good agreement with the maximum 
found here. Brubaker also finds a minimum in the cross-section for 88 ^" 
scattering at 4*6 MeV, as found here. However the region between 4-0 
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and 5*0 MeV has not been investigated fully by Brubaker and consequently 
the very small cross-section at 4*6 MeV was not found. 

Excitation levels of Ne®® in this energy region have been investigated 
by Bonner* ( 1939 ) by studying the energies of the neutrons in the reaction 

Bonner finds several neutron groups including three of energies 1*4, 2 * 6 , 
and 11 * 1 MeV respectively corresponding to Ne®® left with excitation energy 
of 10*1 ± 0*3 and 9 0 ± 0*3 MeV in two cases and in the ground state in the 
third case. It seems then that the state of Ne®® observed in scattering 
resonance is also excited in the above reaction. 

Fluorine, There seems evidence of resonances at energies of 3*5 and 
4*7 MeV. No definite angular momenta can be assigned to these resonances 
owing to the fact that the ratio of the scattering to the disintegration 
widths for the levels is unknown. In addition the spin of is not zero. 
Resonances for proton emission in the reaction 


have been found by Chadwick and Constable ( 1931 ) for a*particle energies 
of 4*1 and 3*7 MeV. It is possible that within experimental en’or the 
resonance for disintegration at 3*7 MeV and for scattering at 3*5 MeV 
correspond to the same excited level of Na®®. If this were so the partial 
width of this level for scattering would be considerably smaller than the 
total width. 

No resonances have been established for the reaction 




Neon, In the range of energies studied, there seems to be no definite 
resonance in the scattering by neon at 90"^. Brubaker, however, finds 
a resonance for an a-particle energy of 6*3 MeV with an experimental 
half-width of about 0*3 MeV, corresponding to a level of Mg®*. The 
resonance seems to be present at the smaller angles of scattering used 
(53“ and 65"" 30') but not at the scattering angles of 88 ^ and 104*^. It seems 
necessary to account for this resonance by a-particles of orbital momentum 
three at least. This large momentum is not improbable for such a large 
energy a-partiole, especially as the resonance appears rather narrow. 

In all the cases considered scattering resonances have been found to 
occxir, but the number of such resonances seems rather small. This result 


• I am indebted to T. W. Bonner for informing me of his results. 
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can very probably be attributed to the following causes. First, resonances 
for energies smaller than the barrier heights would be narrow and the 
anomalies small compared with coulomb scattering. The accuracy and 
resolution of experiments using natural a-particle sources makes it im¬ 
possible to look for these low energy resonances. Secondly, the energy 
range between the barrier height and the available maximum a-partiole 
energy (the same order as the probable level spacing) is so small as to make 
the observation of many resonances improbable. In most cases, in fact, 
one resonance is found in this region. Removal of the limitations of 
intensity, resolution, or energy would probably make it possible to find 
many more levels. 

I am indebted to Trinity College for a research studentship which has 
made it possible for this work to be done, and to Dr N. Feather for some 
helpful discussion. 


Summary 

The scattering of a-particles at OO'" hsbs been investigated for the elements 
carbon, nitrogen, oxygen, fluorine, neon and argon. The scattering sub¬ 
stance was in the form of a gas and the scattered particles were detected 
by means of an annular chamber and linear amplifier. 

Resonances in the scattering have been found for a-partiole energies 
as follows ; 

Carbon: 5*7 MeV, 

Nitrogen: 4-6, 5*2 MeV, 

Oxygen: 5*8 MeV, 

Fluorine: *3-5, 4-7 MeV, 

Neon: —. 

The results are discussed with relation to tlie interpretation of scattering 
on the *‘many-bodytheory of the nucleus and also in connexion with 
other experimental data on scattering and disintegration. The results are 
not of a very high accuracy, owing to low intensity and resolution of the 
a-particle sources used. 
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Thermal diffusion in mixtures of the inert gases 

By B. E. Atkins,* R. E. Bastick and T. L. Ibbs 
Physics Dejxirtmentf University of Birmingham 

(Communicated by M, L, E, Oliphani, F,R,S.—Received 8 May 1939) 

Since the independent prediction of the thermal diffusion effect by 
Chapman ( 1916 ) and by Enskog ( 1911 ) and its experimental verification by 
Chajiman and Dootson ( 1917 ), the general nature of the phenomenon has 
been extensivfjly studied by a number of workers, and its power in giving 
information on intemiolecular fields has been demonstrated. The present 
work deals with all the binary mixtures of helium, neon, argon, krypton and 
xenon. These mixtures of inert gases are of special interest owing to the 
simplicity of the monatomic molecules. A few pairs of these gases had 
{»reviously been examined by us (Ibbs and Grew 1931 ) as part of the general 
investigation of the effect, but it seemed desirable to work through the 
whole group systematically so that the behaviour could be studied under 
practically identical conditions. 


Expekimental method 

The method employed followed the general principles which we liave 
previously used in some of our experiments, but certain modifications were 
introfluced because of the small quantities of krypton and xenon which were 
available and of the low themml conductivity of these gases. The apparatus 

• It is sad to report that Dr B, E. Atkins wa« killed in an accident in Switzerland 
in February 1939. 
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consisted of two vessels joined by a short connecting tube. The “hot side” 
was a cylindrical glass bulb A (fig. 1 ) of volume about 4c.c., surrounded by 
a steam jacket J. Below this was placed a Shakespear katharometer used 
for the gas analysis, one cell 6 \ of volume about 1 c.c. forming the “cold 
side”. The connecting tube between the hot and cold sides was made as 
short as possible so as to produce a steep temperature gradient. A water 
jacket W, served to protect the katharometer block 
from the effects of the steam jacket. There was a 
wax joint between the short glass tube and the 
water jacket, and a lead washer L, formed the 
joint between the water jacket and the katharo- 
meter block. The load washer was compressed by 
means of the screws 8, 

The thermal separation was investigated in all 
these exj)criment 8 with the “cold side” at about 
room temperature, and the ‘4iot side/’ at the 
tem])erature of the steam. 

Mixtui'es of two gases of known jiroportions by 
volume were made in a gas burette, and after 
being allowed to stand for about an hour to be- 
cottie uniform, were admitted through the tap T 
into the diff usion apparatus before the steam was 
applied. In this way a “katharometer reading” 
was obtained and a series of such readings for 
mixtures of different proportions gave the cali¬ 
bration ciuve for a pair of gases. In practice it was 
convenient to measure the thermal separation for each mixture immedi¬ 
ately after its calibration point had been obtained. About twelve different 
mixtures of each pair were examined. All the measurements were made at 
a pressure of 20 cm. of mercury instead of at atmospheric pressure as in 
previous experiments. This provided a satisfactory means of reducing the 
(juantity of gas required in the experiments, and it introduced no funda¬ 
mental change in the method. Previous experiments (Ibbs, Grew and Hirst 
1929 ) have shown that the thermal separation is independent of the 
pressure over a considerable range of pressure, as would be expected from 
the theory. When steam was admitted to the jacket the rise in temperature 
tended to increase the pressure of the gas in the bulb, but by leaving tlie 
tap T open for a short time, a quantity of gas was allowed to return to the 
burette in order to keep the pressure at 20 cm. Tliis avoids any error in 
the katharometer readings duo to change in pressure. Leaving the tap open 
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in this way for a short time caused no error in the thermal separation as the 
bore of the tap T, and of its connecting tube, were narrow. 

The katharometer measured the change in concentration of the gas on 
the cold side. For many of the pairs of gases examined this change could be 
regarded as complete in about 3 min., for some of the heavier pairs, such as 
argon-xenon, and argon-krypton, the time required was about 9 min. Thus 
a longer time is required for the heavier and more slowly moving molecules. 
For krypton-xenon 15 min. had to be allowed. 

The thermal separation, i.e. the total change in concentration on the hot 
and cold sides, had to be obtained from the observed change in concentration 
on the cold side. In previous experiments the volume of the side where the 
effect was observed had been small compared with the volume of the other 
vessel, with the result that most of the thermal separation occurred on the 
small side. The small change in concentration on the other side could then 
be calculated from the relative volumes and temperatures of the two sides. 
Any uncertainty in these volumes would have only a small effect on the final 
result. In the present case it is difficult to assign definite volumes to the hot 
and cold sides, and the volume of the connecting tube becomes important. 
As the change in concsentration on the hot side will now be relatively large, 
a new method was necessary to obtain it. 

The method adopted was to make thermal diffusion experiments with 
pairs of common gases, hydrogen-nitrogen, hydrogen-carbon dioxide, and 
hydrogen-argon, using exactly the same apparatus and conditions as for the 
inert gases. The small bulb of the hot side, of volume about 4 c.c., was then 
replaced by a large bulb of volume 85 c.c,, and the experiments repeated 
under the same conditions of temperature, with steam on the hot side, and 
the cold side at room temperature. With this arrangement the change in 
concentration on the small cold side is measured, the change on the large 
hot side is calculated, and an accurate value of the total separation obtained. 
This total separation can then be compared with the measured cold side 
separatioy using the small hot bulb, and the factor obtained by which the 
cold side separation must be multiplied to convert it to total separation. 
For the first part of the work when xenon-helium, xenon-neon, and xenon- 
argon were investigated, this factor was 1*16, for later work when a new hot 
bulb was used the factor was 1-47. For krypton-xenon mixtures a special 
katharometer was used which will be described later. 

For this work greater accuracy than had previously been necessary was 
required in measuring changes in concentration, and special care had to be 
taken in keeping the bridge current constant. In previous work it had been 
sufficient to use a milliammeter for tliis purpose. The change in concentration 



Thermal diffusion in mixtures of inert gases. 146 

of a gas mixture produced by thermal diffusion alters its thermal conductivity 
which in turn affects the temperature and resistance of the platinum helix 
in the katharometer cell. The small change in the bridge current which is 
thxis produced cannot generally be detected by a milliammeter. The method 
adopted was to use the milliammeter for a rough adjustment of the current, 
and to make the final adjustment by balancing the potential difference due 
to the current flowing through a fixed resistance, with that of a standard 
Weston cadmium cell. The usual bridge current of 0*1 amp. was generally 
used, but for mixtures of low thermal conductivity, e.g, krypton-argon, it 
was more satisfactory to work with a smaller current of 0’082 amp. For such 
mixtures the helix in the gas mixture was much hotter than the helix in air. 
Tlxis caused difficulty in keeping the galvanometer readings steady during 
thermal diffusion measurements, as any small change in room temperature 
would upset the balance of the bridge. The effects of this unbalanced 
(‘ondition can be reduced by decreasing the current in the bridge. 

Special arrangement for krypton-xenon mixtures 

This difficulty is greatest for krypton-xenon mixtures, in which the thermal 
conductivity is very low for all proportions of the gases. As the thermal 
separation for these mixtures is also very small, special arrangements are 
required for its measurement. It was decided to use an unsymmetrical 
katharometer, i.e. one in which one helix is longer than the other. By choosing 
helices of suitable length, and putting the shorter one in the sealed cell in 
air, and the longer one in the gas of low conductivity, it can be arranged for 
the two wires to be at the same ternjierature. 

The conditions for compensating for the difference in thermal conductivity 
of the gases in the two cells in order to obtain a more stable arrangement, 
have been investigated by Daynes ( 1933 ). Considering the case of two 
lengths of thin platinum wire in similar cells, he concludes that the tem|>era- 
ture of the two wires will be the same, and hence the katharometer is least 
sensitive to change in temperature of the block, when ^ 

Ly_ IK^ 

where Li and are the lengths of the two platinum wires, and Aj, are 
the thermal conductivities of the gases in the two cells. Thus if the thermal 
conductivities are known, the conditions for stability can be found. 

It was decided to arrange for the bridge to be balanced with krypton in 
the open cell, and air in the sealed c!ell. Although no measurements of the 
thermal conductivity of krypton were available an approximate value 
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was obtained by measuring the current and potential drop in each helix of 
a symmetrical katharometer with air in one cell and krypton in another. In 
this way the resistance, temperature, and heat losses in each helix can be 
obtained. This enabled relative values of the thermal conductivities of air 
and krypton to be calculated. It was concluded that to give equality of 
temperature the length of the wire in krypton must be 1*90 times the length 
of the wire in air. A katharometer with the lengths in this ratio was found 
to work very satisfactorily for krypton-xenon, argon-xenon, and argon- 
krypton mixtures. This was more sensitive, and the galvanometer readings 
were steadier than with the symmetrical arrangement. It is interesting to 
note that from these calculations the thermal conductivity of krypton is 
roughly one-quarter that of air. 

An alternative arrangement for obtaining stability would be to use a 
symmetrical katharometer with krypton in the sealed ceU, This method of 
using gases other than air in the sealed cell has been successfully used by us 
in other work. 

percentage of krypton 



Fio. 2, Calibration curve for krypton-xenon mixtures. 


The calibration curve for krypton-xenon mixtures using the asymmetrical 
katharometer is shown in fig. 2. As all the mixtures have a thermal con¬ 
ductivity less than for krypton, all the galvanometer deflexions are shown as 
negative. By using this curve the thermal separation on the cold side for 
krypton-xenon mixtures could be obtained, but it was necessary to know 
the factor by which this separation must be multiplied to obtain the total 
separation for the new arrangement. In this cose it was not possible to 
follow the method, already described, of finding this factor by obtaining the 
cold side separation for mixtures of common gases, e.g. hydrogen-nitrogen, 
hydrogen-carbon dioxide, hydrogen-argon, for which the total separation 
was already known. As mixtures of these pairs of gases have all a relatively 
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high thermal conductivity, it is impossible in this case to obtain a balance 
point on the bridge. The calculation of the total separation for krypton-xenon 
mixtures was made by using the thermal diffusion results previously ob¬ 
tained for xenon-argon mixtures with the symmetrical katharometer, and 
comparing them with the results using the asymmetrical katharometer for 
this pair. Because of the low thermal conductivity, the cold side separation 
in xenon-argon mixtures could be measured with the a 83 mimetrical katharo¬ 
meter, and from the known total separation the factor by which the cold 
side separation must be multiplied to give the total separation was obtained. 
The factor was in this case 1-66, which is greater than for the symmetrical 
katharometer as the cell had a larger volume. By multiplying the measured 
cold side separation for krypton-xenon mixtures by this factor the total 
separation was obtained. 

The Shakespear katharometer provides a powerful and convenient 
method of analysing mixtures of the inert gases, in experiments such as 
these, where numerous observations are required. 

Purijimtion of the gmes 

In the course of the experiments it was necessary to purify all the inert 
gases. After measurements had been made on a pair of gases they had to be 
separated so that they could again be used. This involved a good deal of work 
in repeated fractionations. The usual technique using bulbs containing 
charcoal immersed in liquid air, or cooled |>entane, was employed. 

The best test of the purity of the gases for our purpose was to examine 
a single gas, without admixture, for thermal diffusion. If the impurities in a 
gas produce no appreciable thermal separation it can be regarded as suffi¬ 
ciently pure. The nature of the impurity is important. For example, a small 
amount of helium as an impurity in neon will have less effect than it will have 
in argon, krypton, or xenon. 

Experimental results 

All the pairs of gases were examined under practically the same experi¬ 
mental conditions, the thermal separation being measured between room 
temperature (Tj absolute) and the boiling point of water (7^ absolute). In 
order to allow for small variations in these temperatures the separations are 
obtained for comparative purposes for log^o (7i/72) = 0-112 corresponding 
to temperatures of 100 and 15*^ C. With the small differences in temperature 
involved, the separation can safely be regarded for this purpose as propor¬ 
tional to logio(7i/J2)- A relation between the separation and 


10-2 



148 


B. E. Atkins, R. E. Bastick and T. L. Ibbs 


the proportions of the two gases was obtained for each pair of gases. Typical 
curves are shown in fig. 3 for mixtures of holium^krypton, neon-krypton 
and argon-krypton. It will be seen that in each case the points can be well 
represented by a smooth curve. 

For each pair of gases considered, a table is given showing the separation 
taken from a number of points on the smooth separation-concentration 
curve. In general the method of measurement tends to give the greatest 
accuracy for the mixtures containing the smaller proportions of the lighter 
gas, so that the results for such mixtures have often been selected as being 
more reliable than the others. 



percentage of lighter gas 

Fig. 3. Relation between separation and concentration. I, argon-krypton; 
II, neon-krypton; III, helium-krypton. 


Tlie experimental value of the coefficient of thermal separation k( is 
obtained from the relation 

T 

Ml = 


where is the change in concentration produced by a temperature 
gradient between and in a mixture containing the proportion by 
volume Aj of the heavier gas; AA^ is the corresponding change in the pro- 
j)ortion A^ of the lighter gas (Ai + Ag— 1). From the ratio of the molecular 
masses and of the molecular diameter tri/(rg of the two gases, an 

expression can be obtained giving the theoretical values of for molecules 
behaving as rigid elastic spheres. Although the values of k^ depend upon the 
proportions of the two gases in the mixture, the ratio 


R 


T ” 


i^^experimental 
kf rigid elastic spheres ’ 
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can, to a considerable degree of accuracy, be regarded as a constant for the 
pair of gases. This important ratio gives information on the molecular fields 
of the two unlike molecules. A separate investigation of the possible 
variation of with concentration is being made. 

(i) Helium-neon. Ten mixtures were examined. The katharometer calibra¬ 
tion curve was almost a straight line which shows that there is little variation 
in the sensitivity of the instrument. The graph of the relation between 
separation and concentration has its maximum separation of 2*6 % at about 
60 % of helium. Table I gives the separation and the corresponding values of 
kf and for five points on this graph. 


Table I, Values of and Rj. for helium-neon mixtures 


% He 

% Sop. 

Mcxp.) 

ikAr.o.s.) 

R, 

20 

1-37 

00631 

0-0666 

0-81 

30 

1*87 

00724 

0-0919 

0-79 

40 

2-23 

0-0864 

0-1099 

0-79 

60 

2-50 

0-0970 

0-1220 

0-79 

00 

2*69 

0-1004 

0-1267 

0-81 



Mean value of = 

0-80. 



The values of iij, are high, and in general agreement with our previous 
results, and with those more recently obtained by Bliih, Bliih, and Pusohner 
(1937). This is the “hardest” of the pairs of molecules examined. 

By inserting the values mijm^ — 6*06 and crja^ - 1*21 in the general 
formulae, the following expression is obtained for rigid elastic spheres: 

0/ 0 ' 255 Ai-h 0 - 313 A 2 \ 

^ 2 \3-06“2Tr7 

(ii) Helium-argon. Eleven mixtures of different proportions were exa¬ 
mined. The separation-concentration curve has a maximum separation of 
2-6 % at about 65 % helium. Table II gives the separation and the corre¬ 
sponding values of k^ and R^ for five points on this curve. 

Table II. Values of k^ and R^. for helium-argon mixtures 


%Ho 

% Sep. 

A;Aexp.) 


Rj> 

10 

0-66 

0-0260 

0-0369 

0-68 

20 

1-23 

0-0476 

0-0711 

0-67 

30 

1-70 

0-0660 

0-1018 

0-66 

40 

2-09 

0-0810 

0-1280 

0-63 

60 

2-40 

0-0931 

0-1484 

0-63 


Moan value of i?,. = 0*65. 
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The value of is lower than for helium-neon mixtures, as argon is a 
“softer” molecule than neon. 

Using the values - 10-00 and (rj(r2 = 1*68, 


5 / 

k( rigid elastic spheres = -1 — 


0-286Ai + 0-244A2 


140+1 • 879 A 1 /A 2 + 0-448Aa/A 


;)■ 


(iii) Helium-krypto 7 i. Eleven mixtures of different proportions were 
examined. The separations are large, because of the large value of mi/wig, 
and reach a maximum separation of about 2-8 % in mixtures containing 
about 63 % of helium. Table III gives the separation and the corresponding 
values of k, and Rt for five points on the separation-concentration curve 
(fig. 3 , HI). 


Table III. Values of kf akd R ^ for helium-krypton mixtures 


% He 

% Sep. 

^e(exp.) 


Ur 

30 

1*75 

0-0677 

0*105 

0*64 

40 

2-20 

0-0852 

0133 

0-64 

50 

2‘58 

01000 

0-156 

0-64 

60 

2*79 

0-1080 

0-172 

0-63 

70 

2-76 

0-1068 

0176 

0-61 


Mean value /^y = 0-63. 


The value of R^ is a little less than for helium-argon mixtures as krypton 
is a “softer” molecule than argon. 

Using the values mjm^ — 20-99 and = 1 * 90 , 


rigid elastic spheres ~ ^ 


0-239Ai + 0145A2 


297 + 1'557Ai/A 2 + 0-210Aa/A: 




(iv) Helium-xenon. Fourteen mixtures of different proportions were 
examined. The thermal separation is the largest attained in the experiments, 
and this may be expected from the very large value of mj/mg. A maximum 
separation of 3 * 15 % is obtained in mixtures containing about 70 % of 
helium. Table IV gives the separation and the corresponding values of k 
and R^ for five points on the separation-concentration curve. 


Table IV. Values of kt and R ^ foe helium-xenon mixtures 


%He 

% 

ktioxp .) 

kt ( T . e . a .) 

R, 

10 

0-53 

00211 

0*0370 

0«6 

20 

1-06 

0-0422 

0-0733 

0-67 

30 

1-66 

0-0618 

0-1071 

0-68 

40 

203 

0-0810 

0-1375 

0>59 

50 

2-53 

0*1007 

0-1618 

0-62 


Mean value of i?y = 0-59. 
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In spite of the large thermal separation, the value of is lower than for 
helium-krypton mixtures. Thus in the four pairs of gases already considered 
there has been a progressive decrease in the values of ify as the gas molecules 
mixed with helium became “softer”. 

The calibration curve shows that the katharometer is very sensitive to 
small quantities of helium in xenon, and that the sensitivity of the instru¬ 
ment decreases rapidly as the j)roportiou of helium increases. 

Using the values mjm^ — 32*90 and (Tj/cra — 2*24, 


kf rigid elastic spheres 


2 \0-8t 


0-220Ai + 0-099A2 


2\0-899+ 1-433Ai/A2 + 0113Ajj/A 


a*/aJ- 


(v) Neon-argon, Ten mixtures of different proportions were examined. 
The thermal separation is less than for the mixtures containing helium, the 
smaller mass ratios m^lm^ being a contributing factor. The separation- 
concentration curve is almost symmetrical, and shows a maximum separation 
of 1*2% in mixtures containing about 58% of neon. Table V gives the 
separation and the corresponding values of and 7?^’ points on the 

separation-concentration curve. 


Tablk V. Values of k ^ and R ^ l ^ for neon-ar(h:>n mixtures 


%Ne 

% Sop. 

fcAoxp.) 


Rr 

20 

0-60 

00233 

0*0448 

0*62 

30 

0*85 

00339 

00621 

0*53 

40 

106 

0-0407 

00760 

0-64 

60 

M8 

0-0467 

0083] 

0*66 

60 

1*21 

0-0467 

0*0860 

0*65 


Moan value of i^j. = 0*64. 


This value of Rj, is in satisfactory agreement with the value 0*53 previously 
obtained by Ibbs and Urew for this pair. 

Using the values rrt.Jm 2 = 1*98 and (rJ<T 2 = 1'39, 


ki rigid elastic spheres 


2\3- 


0-24lAi + 0-237Aa 


616 + 2-368A,/Aj 8+ l-214Aj/A 




(vi) Neon-krypton. Eleven mixtures were examined. The thermal 
separation is greater than for neon-argon mixtures, and the separation- 
concentration curve shows a maximum separation of 1'8% in mixtures 
containing about 63 % of neon. Table VI gives the separation and the 
corresponding values of fc, and Ey for five points on the separation-concen¬ 
tration curve (fig. 3, II). 
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Table VI. Values op fc, and for neon-krypton mixtures 


%Ne 

% Sep. 

A;<(exp.) 


Rr 

20 

0*84 

00325 

0*0649 

0-60 

30 

M6 

00446 

00916 

0-49 

40 

1*44 

00668 

01132 

0-49 

50 

1*72 

0*0667 

0*1285 

0-62 

60 

1*90 

0*0736 

01369 

0-54 



Mean value of Hf 

= 0*51. 



The value of Rq, is less than for neon-argon mixtures, as the ‘‘softer” 
molecule krypton has been substituted for argon. 

Using the values m^jm^ = 4*15 and = 1-57, 


ki rigid elastic 



(vii) Neon-xerum. Thirteen mixtures were examined. Although the mass 
ratio is greater than for neon-krypton mixtures, the thermal separa¬ 
tion is less, owing to the effect of substituting the “softer” molecule xenon 
for krypton. The sej^aration-concentration curve is very uns 5 rmmetrical as 
would be expected from the large mass ratio. It is difficult to estimate the 
position of the maximum of the curve, but the greatest separation is 
probably about 1*7 % in mixtures containing approximately 70 % of neon. 
Table VII gives the separation and the corresponding values of kf and Rjf 
for five points on the (iurve. 


Table VII. Values op kf and Rq, for neon-xenon mixtures 


%Ne 

% 8©P- 

^e(©xp.) 

fc((r.e.8.) 

Rt 

20 

0*67 

0*0284 

00697 

0*41 

30 

0*99 

0*0419 

0*0999 

0*42 

40 

126 

0*0636 

0*1268 

0*43 

60 

1*49 

0*0633 

0*1469 

0*43 

60 

1*69 

0*0716 

0*1682 

0*46 


Mean vahie of 7?^ = 0*43. 


The values of Rj. are considerably less than for neon-krypton mixtures. 
Using the values = 6-51 and (rijcr^ = 1*85, 


kf rigid elastic 


spheres 


2 \ 2 - 


0-343A, + 0-296A, 


652 + 2-290A,/Aj + 0-632A, 


:,/A,)- 


(viii) Argon-kryjHon. Ten mixtures were examined. The separations are 
small owing to the small mass ratio, and also to the “ softness ” of the inter- 
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molecular fields. The separation-concentration curve is nearly symmetrical 
as would be expected from the small mass ratio, and the maximum separa¬ 
tion of 0*4 % occurs in mixtrures containing about 58 % of argon. Table VIII 
gives the separation and the corresponding values of and for five points 
on the curve (fig. 3,1). 

Table VIII. Values of k^ and 7?^, for argon-krypton mixtures 


%A 

% Sep. 

A,(exp.) 

A:,(r.e.8.) 

Rr 

40 

0-294 

0-01] 4 

0-0725 

0-16 

50 

0-353 

0-0137 

0-0782 

0-18 

00 

0-397 

00164 

0-07)8 

0*21 

70 

0-368 

00143 

0-0711 

0-20 

80 

0-297 

00116 

0-0566 

0-20 


Mean value of = 0-19, 


The ejffect of the small sejiaration is seen in the low value of 
Using the values ntj7n2 — 2*10 and = 1*13, 


5 / 

ki rigid elastic spheres = 21 


0-206Ai + 0-240Aj 
3^653 + 1 •931 Aj/A 2 + i • 639 A 2 /A 


.)■ 


(ix) Argon-xenon. Thirteen mixtures were examined. The separations are 
small, but owing to the larger mass ratio, they are greater than for argon- 
krypton mixtures. The maximum separation of 0*475 % occurs in mixtures 
containing about 58 % of argon. Table IX gives the separation and the 
corresponding values of k^ and Kj. for five points on the separation-con¬ 
centration curve. 


Table IX. Values of kf and Kj. for argon-xenon mixtures 


%A 

% Sep. 

A,(oxp.) 


Rr 

30 

0-328 

00134 

0-0833 

0-16 

40 

0-414 

00170 

0-1011 

0*17 

50 

0*460 

00189 

0-1124 

0-17 

00 

0-483 

00198 

0-1158 

0-17 

70 

0-436 

00179 

0-1096 

0*16 


Mean value of i?y = 0*17. 


Although the separations are greater than for argon-krypton mixtures, 
the value of 7?^ is lower, as would be exj^ected by the substitution of xenon 
for krypton. 

Using the values - 3*29 and eri/cTj = 1*33, 


k^ rigid elastic 


6/ 0*282Ai-h0*317Aj 

spheres « 2\3*425T'2“0^^^ 
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(x) Krypton-xenon, Owing to the low thermal conductivity of each of 
these gases the special arrangements, already described, were required in the 
measurements. The thermal separation is extremely small. This is due to the 
small mass ratio and more particularly to the “softness’’ of the two mole¬ 
cules, With such a small separation the degree of accuracy of the measure¬ 
ments was reduced. In this case it was better to make a number of measure¬ 
ments on one mixture of the pair, rather than to work on mixtures of different 
proportions. Ten measurements were therefore made on a mixture containing 
46 % of krypton, and the mean separation taken. The results are given in 
Table X. 


Table X. Values of kf and 72^ for a mixture 

OF KRYPTON AND XENON 

% Kr % Hep. A;<(oxp.) Ar^(r.e.s.) Mj. 

46 0098 00041 00632 008 


This is the smallest value of we have obtained. The separation is less 
than one tenth of what would occur for rigid elastic spheres. The behaviour 
of the molecules is therefore approaching that of Maxwellian molecules for 
which thermal separation would disappear. 

Using the values mj/mg = 1*57 and o'^/o'g = 1*1 


rigid elastic 


, 6/ (>156Ai-f 0-162Ag 

spheres - 2\3/6734.'2;b8lA7/A2+f-SSTAjMi 


Consideration of results 

The most striking feature of the results is the consistent decrease in the 
values of R^ as heavier molecules are substituted in the mixtures for lighter 
ones. This is well shown in the summary given in Table XI, where values of 
are given above the diagonal line. In all coses as we go down a column, 
or from left to right, decreases. 

The change in By means that there is a change in the nature of the forces 
acting between the unlike molecules in collision. The simplest way of 
considering these forces is to regard the molecules as behaving like point 
centres of repulsive force. Thermal diffusion and viscosity experiments have 
shown that the molecules can be regarded as behaving in this way. Whatever 
may be the complexity of the actual forces operating the success of this 
simple representation is rather remarkable. 
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The relation between the repulsive force index, Si^, and Rj, is given by the 
following formula which is due to Chapmanf 


R 


T — 




Table XI. Values of Rj, and kepulsive foboe index 

FOB MIXTURES OF THE INERT GASES 



repulsive force index 


The values of 8^^, calculated in this way from are given below the 
diagonal line in Table XI. There is, of course, a decrease in 8^^ down¬ 
wards or from left to right along the columns; the greatest value being 11*4 
for heUum-neon and the lowest 5-3 for krypton-xenon. Thus there is a wide 
range of molecular behaviour extending from very hard down to almost 
Maxwellian. The value of for helium-radon shown at the foot of the first 
column was obtained by Dr G. E. Harrison ( 1937 ), who has worked in this 
laboratory on thermal diffusion in mixtures containing small concentrations 
of radon, using radioactive methods of measurement. It is interesting to 
note that the value is lower than for helium-xenon; showing that the more 
massive radon molecule is softer than the xenon molecule. Thus radon comes, 
as might be expected, at the end of the sequence of the inert gases. 

* Obtained by Dr G. E. Harrison. 

t In previous calculations of we have ubed an approximate expression omitting 
the factor 13/10. This results in high values of 8^^, The factor 13/10 is introduced 
to allow for the fact tlmt Chapman’s first approximation to Jfc* rigid elastic spheres 
is lower than the true value. 
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The values of unlike molecules, obtained from thermal diffusion 

experiments, may be com})ared with the values of for simple unmixed 
gases given by viscosity. Over a considerable range of temperature the 
coefficient of viscosity of a gas varies as a power of the absolute temperature, 
which means that the molecules can again be represented as point centres of 
repulsive force obeying an inverse power law. Thus if rji and represent 
the viscosity of a gas at temperatures 7\ and then 

V 2 1 ^ 2 / 

The repulsive force index is obtained from n by the relation 

The value of n can be found practically by plotting log^ against log T and 
finding the slope of the curve. The value of the repulsive force index can 
be regarded as constant over a region of tem})erature where the slope of the 
graph is constant. 

This method has been applied to a number of viscosity measurements on 
the inert gases (Rankine 1910 ; Nasini and Rossi 1928 ; Trautz and Binkele 
1930 ; Trautz and Zink 1930 ; Trautz and Heberling 1934 ) and the values of 
shown in Table Xll have been obtained for the range of temperature 
0 ^ to 100 ^ C. 


Table XII. Repulsive force index 

OBTAINED FROM VISOOSITV 

Ho No A Kr X 

.Sji 15-3 13*6 7-4 6-3 6*2 

This shows a decrease in 8^^ with increasing molecular weight corre¬ 
sponding to the decrease in which has been found for mixtures of the 
inert gases from thermal diffusion. The increasing softness of the molecules 
as the mass becomes greater is thus a fundamental property of the monatomic 
molecules. As the complexity of the structure increases, the molecules 
behave less like rigid elastic spheres. This regularity of behaviour suggests 
that a complete description of the intermolecular forces might be obtained 
in terms of tlie electronic constitution, thus obtaining a correlation between 
the molecular structure and the behaviour of the gas in bulk in the ordinary 
gas phenomena. Various attempts in this direction have been made to 
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calculate the forces between molecules by means of quantum mechanics, 
a summary of which has l>een given by Lennard Jones ( 1931 ). 

A comparison of the values of S in Tables XI and XII shows that the 
values obtained from viscosity are in general higher than those obtained 
from thermal diffusion, and this is particularly so in the case of the lighter 
molecules. Thus the numerical vahies of >Sia obtained from thermal diffusion 
cannot be regarded as the “mean ” of the values of for the separate gases. 

This may be due to approximations used in the theory in calculating S ^2 
thermal diffusion, or it may be due to a real physical difference in the nature 
of the collision processes involved. This appears to need further theoretical 
consideration. It seems very unlikely that the low values of in thermal 
diffusion can be due to a systematic experimental error in measuring k^. 

In conclusion we should like to express our thanks to Dr F. W. Aston for 
the valuable advice which he has given on tlie manipulation of the inert 
gases, and for lending us a quantity of the rarer gases; and also to Professor 
S. Chapman for his friendly encouragement throughout the course of the 
work. 


SUMMAEY 

Measurements of thermal separation have been made in all the binary 
mixtures of helium, neon, argon, krypton, and xenon; using the Shakespoar 
hot-wire method of gas analysis. By applying Chapman's theory the repul¬ 
sive force index iS^gof the intermolecular field has been obtained for each pair. 
The results show a wide and orderly range of molecular behaviour, the values 
of S 12 extending from 1 1*4 for helium-neon to 5*3 for krypton-xenon. In all 
cases there is a decrease in the value of /S 12 as a heavier molecule is substituted 
for a lighter one in a mixture. The successive monatomic molecules thus 
become “ softer “ as their mass increases, i.e. their behaviour becomes less 
like that of rigid elastic spheres. This conclusion is in general agreement 
with the information given by viscosity on the molecular fields of the single 
gases. A comparison with Harrison's thermal diffusion value of for 
helium-radon, obtained by using radioactive methods of measurement, 
shows that the massive radon molecule takes its proper place in the 
sequence as the “softest" of the group. 
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Vacuum wave-length measurements in the iron spectrum 
by means of the reflection echelon grating 

By W. Ewart Wiluams and A. Middleton 
King's VolU/je, London 

{Communicuied by 0. W. RicJuirdsony F.E.S.—Eeceived 29 December 1937) 

[Plates (V-8] 

L Intkoditcttoist 

As is well known, the determination of the wave-length of a spectral 
line is made by comparing it with another line of known wave-length. In 
the most precise measurements the comj)ari8on is made directly with the 
red line of cadmium which forms the 8[»e(?troscopic standard of wave-length. 
It is not always convenient to use this primary standard, and at the instance 
of the International Astronomical Union a number of investigators have 
independently determined the wave-lengths of selected lines in the spectrum 
emitted from an iron arc under s[)ecified conditions. The committee of the 
Union has drawn up tables giving the values of these lines which are 
recognized as secondary standards and which are distributed fairly uniformly 
throughout the spectrum. As substandards, their wave-lengths are required 
to as high a degree of precision as possible. 

Apart from cionsiderations of standards, accurate wave-length measure¬ 
ments are now required for an entirely different jmrpose. The spectral lines 
of many elements have been arranged in series, and a comparatively simple 
formula expresses the frequency or the difference betwwn the term values. 
Occasionally the difference between the experimental and calculated values 
is so large that the “])erturbation'’ becomes obvious from the roughest 
measurements, but in general they are small and only precision measure¬ 
ments will show their existence and significance. 

Hitherto, the Fabry-Perot interferometer has been the only accurate 
method available for obtaining the w ave-length of one spectral line in terms 
of another. No spectral line can be strictly monochromatic; it has a line 
width and an energy or intensity distribution with wave-length that is 
dependent on the nature of the emitter and the physical conditions of the 
discharge. This distribution may be further complicated by the presence 
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of other lines—due to the existence of isotojies, hyperfine structure com¬ 
ponents or incipient Stark effect sjilitting—which are not ‘‘resolved'* or 
separated from the line which wo wish to measure. The best we can do in 
such a case is to attempt to find the centre of gravity of the group. It can 
be mathematically shown that the JVlichelson interferometer method will, 
in genera], give a spurious value for the centre of gravity of an asymmetric 
line and expemmental investigation has verified this. The ordinary ruled 
grating has too low a resolving power to justify its use in precision measure¬ 
ments. It is an axiom, often neglected by spectroscopists, that the degree 
of acouratiy whicli may be obtained is directly proportional to the resolving 
power of the instrument em 2 )loyed, sino (5 we are rarely certain that we ar<^ 
dealing with simple symmetrical lines. 

Up to the jjresent our standard has been the wave-length of red cadmium 
in air of a specified condition, and the comparison measurements have been 
made in air. When the lines to be measured are in the red region, any 
variation in the physical or chemical condition of the air, causitig the wave¬ 
lengths to alter, will substantially produce a corresponding change in the 
standard, but if the lines are in the ultra-violet region the air of the 
laboratory should be maintained at standard conditions or a somewhat 
uncertain set of corrections has to be applied. 

It is now generally accjepted that the vacuum frequencies of spectral 
lines—which are the quantities required in si}ectro 8 Copic calculations—are 
not known to the same degree of accuracy as the determinations of the air 
wave-lengths. The uncertainty is partly due to difficulties in completely 
specifying the laboratory air;—^its temperature, humidity, COg content, 
etc.—and partly due to errors in the generally accei)tod dispersion curves 
for “normal*’ air. 

Following on the development of the reflection echelon grating, details of 
which have been previously given {Williams 1931 ), an entirely new method 
of precision wave-length measurement has been evolved. The wave-length 
comparisons are made in vacw so that the results can be directly linked up, 
when required, with the vacuum wave-lengths observed in the Lyman- 
Schurtiann regions. The main purpose of this investigation, and of the 
following one of Williams and Drinkwater, has been to test the possibilities 
of the method and to obtain fresh values for the frequencies of secondary 
standards. 
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2. Experimental method and procedure 

The basis of the method for wave-length comparison consists of tlie 
addition of two reflecting mirrors (Williams 1933 ) which form an integral 
part with the echelon, and afford reference lines or directions which 
correspond to constant path differences. 



The optical system employed is shown diagrammatieally in fig. 1 . The 
light from the slit S-^ of the auxiliary unit is reflected by the prism Rx, and 
on emerging from the achromatic lens L passes through the quartz window 
W to fall on the echelon E and its associated mirrors and as a parallel 
beam. The arrangement of these mirrors can be seen from the inset which 
shows a front view. The mirrors are plane silica strips, 8 x 40 mm. and about 
7 mm. thick, and are surface platinized. By means of screw adjustments 
they can be tilted as required. The echelon has 40 plates of 1 mm. step and 
approximately 6-87 mm. thick. The reflected and diffracted light is brought 
to a focus by L on the vertical slit Hilger E 1 quartz spectrograph. 

This separates out the composite pattern on the tilted photographic plate. 

The head carrying the slit and the right-angled prism can be rotated 
on the optical axis of the collimator. During the present work it was 
rotated through from the position shown so that the slit was im¬ 
mediately below and parallel to the plane of the paper. In the diagram the 
rotating head is shown in this position merely for convenience of illustration. 

When the echelon steps are horizontal (and the mirror strips vertical) 
the patterns obtained on the photographic plate from four well-separated 
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wave-lengths will ho similar to fig. 2 . ... images of the 

slit Si formed by the mirrors and M^. By suitably tilting these mirrors 
the images can be obtained at any desired |)oint. Usually they are arranged 
close to and symmetrical with the echelon patterns. and Dj represent 
the mth and (rn - l)th orders for a line of known wave-length A^; similarly, 
C '2 and i >2 are consecutive orders for another line of wave-lengt^h A 2 . In 
some cases only one order of a line is seen on the plate; of A 3 is an example 


of sucli single-order position. 




^3 , 

X 2 . i 

A 2 Aj 


—Q 

— C 3 

^2 mj-C| j 

A increasing 


^2 1 B ,-1- 



—B, 

B 2 



Fic. 2 


The path difference measured in wave-lengths corresponding to a direction 
Ai is given by (m, + J\), where /j is the ratio A/JJCiDi, Similarly, the order 
of interference at is where /a = In the case of A 3 , 

although the interorder distance cannot be directly measured it can be 
easily determined if it is known for any other wave-length, say Aj. Since 
the angular separation of orders for an echelon varies directly as the wave¬ 
length, the interorder distance for Ag becomes 


C\l)i X X 




The last term takes account of the varying magnification of the spectro¬ 
graph for different wave-lengths. If the distance A^C^ is divided by this 
value given above we get /3, the fractional part of Ag. 

Since the direction of the reflected image from the mirror is the same 
for all wave-lengths and the angle of incidence on the echelon is similarly 
constant, then 

“ (^' 2 +/ 2)'^2 ^ (^ 3 ‘ b / 3)'^3 “ A . 

The ap})roximate value of the integer is given by dividing twice the 
plate thickness by the wave-length. If the wave-lengths Ai, Ag and Ag are 
accurately known and/^/j and /g found from measurements of the plate, 
the exact value of can be readily found by choosing that integral value 
(approximately which will give the correct fractional parts for A^ 
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and A 3 . The method now becomes exactly the same as developed by Benoit 
for the Fabry-Perot interferometer. The wave-length of a fourth line A 4 
must be known beforehand to sufficient accuracy that cannot be in 
error by an integer. If its fractional part is measured the exact wave¬ 
length is given by 

The focal length of L is approximately 170 cm., so that with an echelon 
of I mm. step the interorder distance in the red region is ap])roximately 
1 mm,, reducing to about one-half this amount at 3000 A. With very shar]) 
lines such as the satellites of mercury lines the limit of accuracy of measure¬ 
ment is that of the photomeasuring micrometer. For this purpose a special 
modification of the Hilger Ll micrometer was designed by one of us 
(W.E.W.) which has a 2 cm. scale cross-slide inclined at a convenient 
angle for continuous measurements. The micrometer reads to 0*001 mm. 
by means of a vernier, and this gives a measurement of the fractional part 
to 0*001 in the red end and about half this value at 3000 A. Since the 
order of interference is approximately 22,000 in the red and twice this value 
at 3000 A, the ap|)aratus is. capable of comparing wave-lengths to within 
about one part in 20 x 10® in any part of the H[)ectrum. It cannot, however, 
be too strongly emphasized that this standard of accuracy is only obtainable 
with really sharp linos. In general, spectral lines are not sufficiently narrow 
that one can make full use of the resolving and dispersive power of the 
system. In some earlier preliminary experiments, one of us (W. E. W.), in 
iionjunction with T. T, Thomas, carried out some measurements on the 
wave-lengths of certain satellites of various mercury lines which are 
themselves complex. In this instance the interference pattern of the 
satellite would be equally as sharp as the mirror image, and no difficulty 
was experienced in measuring the distance from the fine to the mirror image 
to within 0*001 min. By rotating both the primary slit and the echelon 
unit through 90° so that the disfiersion of the echelon is horizontal and ir» 
the same plane as that of the E 1, a 21 times magnifiiiaiion of the whole 
pattern is obtained because the photographic plate is inclined to the 
optical axis of the spectograph. The increased magnification did not in this 
case materially reduce the consistency of settings, and we estimated that 
our standard of accuracy was ajiproximately doubled; that is, the utmost 
limits of our apparatus was about one part in 40 x 10®, which corresponds 
at 6000 A to 0*00016 A. With broader lines, this increased magnification, 
instead of improving the accuracy actually appeared to lessen it. This is 
in agreement with observations in other fields of optics that accuracy of 
setting in the case of a hazy ill-defined object is materially reduced when 
too great a magnification is employed. 
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Since one obtains throe or four images of each spectral line by this methcul 
(two mirror images and one or two dilFractional orders) it would not be 
practical to use parallel dispersions to increase the magnification in the 
case of a rich spectrum such as iron. A quartz-fluorspar achromatic doublet 
corrected for spherical aberration has been designed for placing in an 
extension tube between the echelon rotating head and the slit of the E1 to 
give a variable magnification up to 3. With this magnification the brightness 
of the final image decreases to one-ninth, but even apart from this, experience 
shows that its use is only justified with extremely sharp lines. 

If instead of using the Rayleigh expression for resolving power we define 
the separating power of an optical instrument as the smallest wave-number 

differexiee between two lines that can be resolved» we get Bv = ~™cm.' 

where iV is the number of plates and t is the plate thickness in cm. This 
value is independent of the wave-length and for our instrument should be 
0*018cm. Two components of a mercury line with a separation of 
0-023cm.are clearly separated, so that the practical resolving power of 
the instrument is substantially equal to the theoretical value. A very real 
practical advantage of the reflection echelon over the Fabry-Perot inter¬ 
ferometer is that the echelon remains in permanent adjustment and, 
thanks to the vacuum chamber in which it is placed, long (10-15 hr.) 
exj)osures on weak lines give equally sharp definition as 5 min. exposures 
on strong lines. 

Originally the object of this investigation was to determine the vacuum 
frequencies of the secondary standard iron lines emitted by a Pfund arc 
as specified by the International Astronomical Union. We were reluctantly 
forced to the conclusion that while by continual practice concordant results 
could be obtained, we could not satisfy ourselves that the results were in 
reality accurate. With j>ractice, one can set on the same part of a fringe 
with remarkable consistency, but there is no evidence to show that it is the 
centre of gravity of the line. 

The only })oint of difference between our usage of the Pfund arc and the 
usual one was that instead of taking the light from a central zone of the 
arc 1-1*5 mrn. in width, the area we employed was approximately a 
thousand times smaller. If anything, this should have further reduced any 
pole eflect, but we actually found that the widths of the lines was of the 
order of a Imndred times greater tlian the accuracy of setting. We are of 
the opinion that the observer is not justified in attempting to measure a 
line to an accuracy greater than about one-twentieth of half the width of 
the line at half intensity, whether the line width is due to the source or 
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due to low resolving power of the optical instrument employed. If one is 
prepared to make an accurate microphotometric record of the intensity 
distribution in the line, it becomes another matter, and a higher standard 
of accuracy can be justifiably expected. 

The obvious way to secure more homo- 
geneous spectral lines would be to excite the 
substance in a Schuler discharge tube. This 
would bo successful with most elements, but 
with iron it becomes a different matter. Iron 
strutters so slowly that iron cathodes are nor¬ 
mally used in Schuler tubes so that only the 
si)ectra of the substance and of the carrier 
gas (usually helium) are photographed. After 
a number of trials, including attempts to use 
a hot cathode, the design shown in fig. 3 was 
evolved. 

The anode is a heavy brass tube 2 ft. long 
and 3 in. in diameter with an annular ring at 
the top 1| in. internal diameter. A quartz 
window 2 in. in diameter is fixed to it by 
means of sealing wax. The lower end of the 
cylinder is fitted with a brass cap as shown. 

The cathode is a steel tube Ifi in. long, in. 
internal and f in. external diameters. This 
tube, one end of which is closed, is welded at 
the other end to an outer steel tube 20 in. 
long and I in. external diameter. Fitted to 
the bottom of this tube are two other tubes 
for cooling purposes. The inlet tube is carried 
to within 1 in. of the top of the cathode and is 
made elliptical in section so as to fit between 
the outer wall of the cathode and the inner wall of the large tube. A pyrex 
glass sleeve insulates the anode from the cathode and a sealing wax joint 
is made over the brass tube, the pyrox sleeve and the projecting iron tube 
to make the tube vacuum tight. The outer anode tube was also cjooled by 
about 40 turns of composition tubing. The cooling systems for the cathode 
and anode were connected in series with a short length of a few inches of heavy 
rubber tubing, the water resistance was sufficiently high that no measurable 
current leakage occurred with a potential difference of 1600 V. The discharge 
tube was “conditioned'' for some days with a current of 4 amp. and a 
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potential of 900 V, the ballast resistance absorbing the remaining 700 V 
being in the form of radiator (electric fire) elements running at dull red 
heat in another room which contained the D.C, generator. A fairly strong 
flow of water was essential to dissipate the 3*6 kW without local boiling. 
After a few days the hydrogen lines became much fainter and the iion lines 
proportionately stronger. With a current of 4 amp. the iron lines were 
definitely broader than with 2 amp., but a reduction of the current to 1 amp. 
showed little material narrowing of the lines so that most of the exposures 
were made w ith a current of 2 amp. It is of interest to note in passing that 
this current is between ten and twenty times greater than normally used 
in the Schuler type of discharge. 

3. Comparison bktwkkn the spectra obtainet) from the auo 
AND THE Schuler tube 

In figs. 4~6 of Plates 6, 7 are shown the line spectra obtained from the two 
types of discharge. The Schuler tube spectrum in each case is the central 
portion with the arc sfKM^trum on eitlier side. The times of ex|?osure have 
been chosen so that the average intensity should be ajiproximat/ely equal. 
The extremely strong lines in the central strip arc those of helium—the 
carrier gas—and do not conc^ern us here. Some of the lines are relatively 
much stronger in the Schuler discharge than in the arc, while other lines 
are much reduced or even missing altogether. 

If a table is made of the lines in this region which are reduced in the 
Schuler tube, the term levels which occur most frequently are (in Catalan's 
notation) the a^Pg, a®Pjj, a^Pj, a^Pg, a^Fg, and a^F^ levels. 

The majority of the lines which are reduced in intensity are those which 
show small pressure displacements belonging chiefly to the a and b groups. 

The term levels involved in the case of enhanced lines are chiefly the 
and the levels. We have not made any ex¬ 
haustive comparison of the lines as the subject lies outside the scope of 
our investigation, but it appears that a careful comparison with different 
carrier gases in the tube (argon, neon and krypton as well as helium) might 
help in the assignation of other term values not yet identified. 

4. Results 

Our vacuum wave-length values are compared directly with that of the 
red line of cadmium emitted from a water-cooled Schuler tube containing 
a cadmium (95%)-Bilver (5 %) cathode approximately 15 cm. long and 1 cm, 
internal diameter. The D.C. discharge was maintained at 125 mA. Several 
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oomparisoBfi were made with the A.£. 0 . and the G.E.C. hot-oathode 
argon-hlled cadmium lamps. Even when run at lower currents than the 
rated value the lines from these lamps were not as sharp as in the hollow- 
cathode discharge. No difference in wave-length could be detected, but 
since the fractional part could be determined with greater precision and 
certainty with the Schiller tube, in spite of the extra labour involved, the 
latter source was always used. 

The vacuum wave-length standard we have chosen is = 6440-2498A. 

This is obtained from the standard spectroscopic value « 6438*4696A, 
together with Sears and BarrelFs ( 1934 ) value for the refractive index of 
normal air at this wave-length, 1*00027649. The refractive indices calculated 
from the formulae of P 6 rard ( 1934 ) and Kosters and Lampe ( 1934 ) are 
practically identical with the value of Sears and Barrell ( 1934 ), but a large 
discrepancy occurs if the formula of Meggers and Peters ( 1918 ) is chosen. 
In any case, if in the future some other value comes to be accepted as the 
vacuum wave-length of this line our results can be easily scaled to suit 
the new value. 

The procedure adopted for a plate for measurement was to set the 
apparatus for best focus for the red cadmium, and an exposure time chosen 
so that the mirror images would just show clearly on the plate. The cadmium 
tube was then replaced by the iron one and four or six exposures made, 
the plate holder being moved down a suitable amount after each exposure. 
Finally, a second exposure with the cadmium tube was made. When no 
difference could be detected in the fractional parts for the red cadmium 
line exposures, the plate could be used for measurement. 

Since the E 1 spectrograph uses a single component objective the light 
is parallel when falling on the prism for one wave-length only. In con¬ 
sequence, as can be shown from geometrical optics, the prism introduces 
a considerable amount of astigmatism, and while the tilt and curvature 
of the plate have been chosen for good focus of a vertical slit image, the 
astigmatism is so pronounced that either an entirely fresh tilt and plate 
curvature have to be adopted for good horizontal focusing, or the echelon 
image has to be focused to a plane inside the E 1 slit to compensate for this 
astigmatism. If this is done, the now broad lines in the vertical plane 
retain their sharpness, but the echelon image has to be refocused for different 
ranges on the plate. The difficulty would be eliminated if a si)eetrograph 
with achromatic objectives were employed, but the effective dispersion 
would be reduced about 2 ^ times. 

The various iton exposures would generally consist of different exposure 
timesibr a given range and different focusing |K) 8 itiona for different ranges. 
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In order to test the degree of concordance obtainable, three independent 
sets of plates were taken, the apparatus being completely readjusted in 
between each set. The values obtained are given in the table below. 


Table I. Vacuum wave-lengths of ihon lines 


1st group 

4428*5512 
432«-9788 
4064*7408 
3031*4000 
3929*0308 
3021 *3668 
3828*9068 
3826*9648 
3826*5270 
3769*2996 


2nd group 

0-6611 

0*9786 

0*7412 

0*4087 

0*0309 

0*3669 

0*9068 

0*9660 

0*6272 

0*2998 


3rd group 

0*6609 

0*9784 

0*7409 

0*4089 

0*0309 

0*3672 

0*9072 

0*9663 

0*6272 

0*3000 


The maximum difference from the mean is 0*0003 A, the average value 
being 0-00012 A, so that we are of the opinion that in this region we are 
fully justified in giving these wave-lengths to eight significant figures. The 
justification for this is basically due to the much narrower lines that we 
have to measure than if an air arc was used. In passing it might be noted 
that once such a source is fitted up it needs no attention by way of replace¬ 
ments but is always ready for use. 

Figs. 1, 8 , Plate 8 , are the echelon patterns for the air arc (a) and the 
Schiller tube ( 6 ), with a magnification factor of approximately 7*5. The 
outer lines are mirror images of the slit which form the reference marks, 
the echelon pattern being contained within them. Unfortunately the arc 
pattern for the longer wave region is somewhat over-exposed in comparison 
with B, so that the discrepancy between the standards is over-emphasized, 
but if anything the converse is true for the shorter range. It will be evident 
that ill-defined and reversed lines in the arc spectrum are often relatively 
sharp in the Schiiler discharge. 

The second and third columns of Table II denote the observed vacuum 
wave-length and wave number with A 6440-2498 A as the vacuum wave¬ 
length of the red cadmium line. The fourth column is the value of the 
wave-length in normal air calculated from the following formula of Kosters 
and Lampe ( 1934 ) suitably modified to correspond to standard conditions: 


(n--l) 10 « 


272-749 + 


1-602 0-01834 

A* A< ’ 


A being the vacuum wave-length expressed in microns. The fifth column is 
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Tablb II 


1 

2 

3 

4 

5 


6 

7 





Previous value 







of air-arc 


Transition 




Calculated 

wave-length Source 

involved 

Kef, 

Vacuum 

Wave 

normal air 

corrected 

of A 

Catalanos 

no. 

wave-iongth 

number 

wave-length 

for pressure 

for 6 

notation 

1 

6372-9847 

18611-030 

6371-4905 

0*491 

S 

1 

8^~18B 

2 

6228-6435 

19126-420 

6227-188o 

10-189 

\0-188 

S 

1 

1 

/12^-31B 

(19-4-63B 

3 

6173 0379 

19331-001 

6171-697o 

0-696 

s 

1 

1 IA-~22B 

4 

6168-9276 

19346-373 

5167-4877 

0-488 

s 

1 

UA-BOB 

5 

4629-8844 

22075-617 

4628-614i 

0-616 

lS 

1 

14-^-65B 

0 

4428-6611 

22580-748 

4427-307a 

/ 0-311 
(0*3065 

s 

1 

/ 2A- SB 
t27B-670 

7 

4416-3620 

22643-070 

4415-121, 

0-122 

s 

1 

13.4-62B 

8 

4406 9868 

22696*390 

4404-749, 

0-749 

s 

1 

12A-60B 

0 

4377-1697 

22846-«64 

4376-929, 

0-931 

s 

1 

lA- IB 

10 

4326-9786 

23110-814 

4326-761, 

f 0-764 
(0-7615 

s 

1 

/ lA- 9B 
\ 13A-&5B 

11 

4138-2220 

24194-199 

4132-066o 

0-068 

s 

1 

13^~69B 

12 

4064-7410 

24601-813 

4063-692, 

0-594 


2 

V2A-ry2B 

13 

3931-4089 

26436-174 

3930-296, 

0-298 

s 

1 

3A-ilB 

U 

3929-0309 

25451-669 

3927-9188 

0-921 

s 

1 

4A~IHB 

15 

3924-0214 

26484-060 

3922-910i 

0-913 

8 

1 

2^-16B 

16 

3921-3670 

26601-311 

3920-2664 

0-269 

s 

1 


17 

3861-0042 

25899-997 

3869-9098 

0-912 

s 

1 

M-16B 

18 

3867-4626 

26923-779 

3866-368, 

0-372 

8 

1 

2-4-18B 

19 

3842-1364 

26027-193 

3841-0464 

0-0485 

s 

1 

13.4-64J? 

20 

3841-6250 

26031-328 

3840-4368 

0-437 

8 

1 

9^-40B 

21 

3835-3084 

26073-622 

3834-220a 

0-223 

s 

1 

HA-BSB 

22 

3828-9069 

26117-114 

3827*820, 

0-8225 

8 

1 

12^-63B 

28 

3826-9660 

26130*367 

3826-878, 

0-882 

8 

1 

7-4-36B 

24 

3826-6271 

26140-188 

3824-4414 

0-443 

S 

1 

U~17B 

26 

3816-9226 

26199 116 

3816*839i 

0-840 

8 

1 

11^-62B 

26 

3791-1669 

26377 102 

3790'090j 

0-093 

s 

1 

9^-44B 

27 

3788-9642 

26399-606 

3787*878, 

0-881 

S 

1 

10^-46H 

28 

3769-2998 

26600-698 

3768*231, 

0-233 

8 

1 

8^~43B 

29 

3738*1939 

26760-886 

3737*130, 

0-132 

8 

1 

2-4-22B 

30 

3736-9247 

26767-135 

3734-862, 

0-865 

8 

1 

6^ 37B 

31 

3728*6780 

26819-167 

3727*6174 

0-619 

8 

1 

8^-46B 

32 

3720*9915 

26874-567 

3719-932, 

0-934 

8 

I 

M-2IB 

33 

3688*6040 

27111-262 

3687-453, 

0-456 

S 

1 

6^~41B 

34 

3680*9699 

27166-826 

3679-911, 

0-914 

8 

1 

\A-22B 

36 

3648-8813 

27406-660 

3647-841, 

0-842 

S 

1 

1A~4SB 

36 

3632*4969 

27529-273 

3631-461, 

0-462 

8 

1 

8^-60B 

37 

3619*7988 

27626-846 

3618-7664 

0-767 

8 

1 

9^-62B 

38 

3609-8880 

27701-690 

3e08*868i 

0*869 

S 

1 

10-4-64B 

39 

3566*3965 

28039-607 

3566-377, 

0-379 

8 

1 

8^»63B 

40 

3622-2674 

28390-803 

3621260^ 

0-262 

S 

J 

7^-^63B 
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. Table II {continued) 


I 

2 

3 

4 

5 

6 

7 




Previous value 







of air-arc 


Transition 




Calculated wave-length Bourco 

involved 

Ref. 

Vacuum 

Wave 

normal air 

corrected 

of A 

• Catalan's 

no. 

wave-length 


wave-length for pressure 

for 5 

notation 

41 

3514-8212 

28450*949 

3513-816. 

0-818 8 

1 

6^-"51R 

42 

3498*8397 

28580*904 

3407-838, -j 

f 0-843 8 
[0-8406 

{J 

4^-27R 

43 

3477*6962 

28754*669 

3476-700, j 

f 0-704- 8 
[0-7023 

1) 

5A~2SB 

44 

3466*8523 

28844*609 

3465-869, \ 

f 0-862 8 
(0-8610 

{i 

4.4-28B 

45 

3414 1091 

29290*218 

3413-129, \ 

fO-131 8 
[0-1306 

a} 

15^-126R 

46 

3408*4355 

29338*974 

3407-467, \ 

10-459 8 
[0-4679 

{J 

14^ d22H 

47 

3287-6982 

30416*418 

3286-760, 1 

f 0-762 
[0-7607 


UA~\4W 


the previously accepted value of the normal wave-length of the standard 
air arc corrected to a vacuum arc by means of Babcock's (1928) equations 
for term depressions due to pressure. The letter S in this column denotes 
that the particular wave-length is recommended as a secondary standard 
by the International Astronomical Union. The reference number in the 
sixth column, given below, indicates the source from which the wave-length 
value has been taken; these are 

(1) Trans. Int. Aatr. Un. 3, Table I, 1929. 

(2) Catalan, M. A. (1930) ^‘Estructura del espectro del hierro." An. 80 c. 
cap. FIs. Quim. 28 , 1239. 

(3) Meggers, W, F. and Humphreys, C. J. (1937) Bur. Stand. J. Res. 

18 , 543 -63. 

(4) Trans. Ini. Astr. Un. 4 , Table 6, 1933. 

The transitions involved are given in column 7 in Catalan's notation for 
ease of printing. The double values occurring in lines 2, 6 and 10 are due 
to the different pressure corrections that have to be applied according to 
which transition is supposed to occur. No evidence of widening was found 
in these lines, so that the probability is that in the Sohtller discharge the 
intensity of one or other is negligibly small. 

The following Table III gives the energy level diflferenoes from four of 
the lines, which, assuming the combination principle, afford some test of 
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the accuracy of the work. Comparison with the results of others is not fully 
justifiable in view of the uncertainties in the dispersion curves of normal air. 

Table III. Energy level differences 


Line 

Transition 

Wave number 

3869 

M-165 

25899-997 

3922 

2.4-16J? 

25484 060 



415-937 

3679 

1.4~22/i 

27166-826 

3737 

2A~22B 

26760-886 


415-940 


3679 

L4-22Z? 

27106-826 

3859 

1^1-16B 

25899-997 


1266-829 


3737 

2-4-225 

26760-886 

3922 

2^-165 

26484-060 

1266-826 


It is interesting to note that if the wave number of line 3737 be increased 
by 0-003 cm.~^, which corresponds to a reduction of wave-length of0-0004 A, 
the energy level differences given in the above table would exactly correspond. 
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6. Summary 

The vacuum wave-lengths of 47 iron lines have been determined directly 
against the red cadmium standard by means of a new method employing 
a reflection echelon in vacuum so that no corrections for the refractive index 
of normal air need be made. By using a Schuler type hollow-cathode 
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source, much narrower lines are obtained than is possible with an iron arc, 
and the concordance of independent determinations justify the values 
being given to eight significant figures. The work is being extended further 
to the iiltra-violet. 
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The infra-red absorption spectrum of 
tetra-deuteroethylene 

By G. K. T. Conn and G. B. B. M. Sutherland 
Laboratory of Physical Chemistry ^ Cambridge 
(Communicated by R, G, W, Norrish, F.R.S,—Received 23 January 1939) 

The ethylene molecule possesses twelve fundamental modes of vibration 
of which seven have been identified with certainty from its infra-red absorp¬ 
tion and Raman spectra. The remainder have been tentatively assigned in 
different ways by different authors, and much uncertainty exists rega^ng 
their true values. The present investigation was undertaken with a view to 
obtaining new information on a closely related spectrum which might enable 
one to discriminate between those assignments. An equally important 
reason was that the ethylene molecule has been made the subject of many 
theoretical investigations in attempts to find a suitable representation for 
the force field within a polyatomic molecule. Such theories may best be 
tested by seeing how closely they predict the frequencies of the isotopic 
molecule. In some cases it is necessary to know a few of the frequencies of 
the isotopic molecule, in addition to those of the normal molecule, to obtain 
all the constants of the force field. The remaining isotopic frequencies may 
then be predicted and their verification used as a test. This work was made 
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{>08sible largely through the kind co*operation of Professor de Hemptinne 
of the University of Louvain, who supplied us with the specimen of C2D4 
used (de Hemptinne, Jungers and Delfosse 1938). He and his colleagues 
were simultaneously investigating the Raman spectra of the various 
deuteroethylenes with a similar object in view. The sample we employed was 
estimated to have a light hydrogen content of not more than 10 %. 


Experimental 

The absorption spectrum was investigated over the range 1 * 0 - 19 * 0 /^. In 
the preliminary survey of the spectrum a constant deviation prism 8f>eotro- 
meter was used with 60 " prisms of sylvine, fluorite and quartz. The regions 
of absorption were then explored under high dispersion using a prism- 
grating spectrometer of the Pfund-Hardy type. In the present work the 
thermocouple used as detector was connected directly to a Paschen moving- 
magnet galvanometer of internal resistance 121? and sensitivity of the order 
of 10““^® amp./cm. at 1 m. An echelette gi*ating of 4800 lines to the inch, 
ruled by Barker on a nickel surface was used to cover the region while 
a grating of 1200 lines to the inch ruled on a tin surface, was used over the 
region 6 - 14 / 4 , the second order being employed from 6 to 9*5/4, and the first 
order for the longer wave-lengths. 

The absorption cell used was in all cases a pyrex tube 12 cm. long and 
4 cm. diameter flanged at the ends. In general, rock-salt end-plates sealed by 
means of “porcenam” paint were used. For the observations covering the 
region 14 - 19/4 end-plates of sylvine were used. 

Examinatimi under low dispersion 

The region 1-3/4 was investigated using a quartz prism and a pressure of 
CgD^ of 12 cm. of Hg in the absorjjtion cell. Between 1 and 2*8/4 no evidence 
of strong absorption was found. Beyond 2*8/4 it appeared there was a region 
of strong absorption, the centre lying somewhere about 3*3/4. As this is a 
region of quartz absorption a satisfactory curve of the absorption in 
this region was not obtained. 

With a pressure of 12 cm. Hg of C2D4 in the absorption cell, the region 
4 - 13 * 5/4 was exjilored using the sylvine prism. The curve of percentage 
absorption plotted against wave-length so obtained is shown in fig. 1 . It will 
be seen that absorption bands are indicated at 4 * 6 , 6 * 7 , 8 and 9/4 while be¬ 
yond 12/4 the percentage absorption increases rapidly. This last region of 
strong absorption was investigated several times under reduced pressure 
( 4*3 cm. Hg) and as a result the absorption curve illustrated in fig, 2 was 
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obtained. This curve is the result of three independent determinations of the 
absorption in this region and indicates a very strong band with a broad 
Q-branch centred about 13*8/^. 
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The region 14-19/t was investigated using sylvine plates and a CjD. 
pressure of 8-3 cm. Hg. This region was covered with some care but no 
evidence of further absorption in this region was obtained. 

Investigation under high resoltUion 

S'3/i region. In investigating the contour of the band observed in this 
region the absorption was plotted from 3 to 4/t as already observed. The 
absorption cell, fitted in this case with sylvine plates, contained C^D. under 
a pressure of 8*2 cm. Hg. The contour obtained (fig, 3) is the result of three 
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independent plots of the absorption. It will be seen that the band shows a 
definite Q-branoh with slight asymmetry in the long wave-length side. Ihere 
are also indications of a fine structure in the “P”-branch. The separation 
of the ‘ P ” and “JR” branches is of the order of 143 cm.“^, so that it is clear 
that there is more than one absorption band in this region. The head of the 
^l-branoh lies at 3-367 + 0-002/t = 2970 ± 2 cm.~*. The slit width used corre¬ 
sponded to 4 cm.“* in this region. 


CjD 4 3’3;^ R»9!on 
Pr**» 8»2 cm. 


4600 Grating 
Sylvin* 



Fig. 3 



4’4/» region. The pressure used in this case was 12 cm. Hg, and the slit 
widths were 3 om.~^. It was found that there were two bands in this region. 
One of these showed a strong Q-branch at 4-547 ± 0*002/t *= 2199i: l*2cm.~^; 
there were also indications of fine structure in the jR-branoh. The P-R 
separation was 41-2 om.~*. The contour obtained is shown in fig. 4. Evidence 
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of a second band in the region of was also obtained. Unfortunately, 
owing to strong absorption due to atmospheric COj in the neighbourhood of 
4*26/i, it was found impossible to plot the absorption of under high 
resolution. The attempt to resolve these two bands was therefore made under 
low dispersion using a fluorite prism. The result is shown in fig. 6. For this 
purj)Ose the pressure in the absorption cell was lowered to 3*8 cm. Hg to cut 
down the broadening of the bands. It will be seen that the two bands have 
been resolved. Fig. 5 shows also a ])lot of the available energy. The figure 
reproduced is the best of a series of attempts to determine the position of 

s> 

o Energy background 


(J 



CD ^-5/* Region FJuoritt Priim 

* ^ Rock'&alt Platts 



this shorter wave-length band. A smooth curve has been drawn through 
the points obtained. (It will be seen that, of course, the atmospheric COg 
absorption, cut down the available energy very markedly just over the 
interesting region so that an accurate plot could only be obtained with 
difficulty.) The centre of the band is at a wave-length which is certainly not 
greater than 4-28/4 (2336 and not less than 4-22/4 (2370 cm.“^) and is 

probably in the neighbourhood of 4-25/^ (2353 om.“^). We may conclude 
that the centre of this region of absorption is about 

4-26 + 0-02/4 = 2363± lOcm.-^ 

It is unfortunate that the contour of this band cannot be obtained. It might 
be expected to show and branches with no Q (see Discussion). 
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6*7yW region. This region was investigated using the 1200 grating in the 
second order. The pressure of was 15-3 cm. Hg. As this band falls on 
the long wave-length side of a very strong water doublet centred at 6*26/f, 
water vapour in the atmosphere gives rise to a fluctuating background 
which makes accurate observation somewhat troublesome. For this reason 
several points on the ^-branch are not shown as these coincided with strong 
water lines and were unreliable. However, by increasing the pressure and 
opening the slits to 1-0 mm, (5-5 cm.~^) a satisfactory curve of the absorption 
in tliis region was obtained (see fig. 6). The band has a very sharp Q-branch, 
the position of the maximum of absorption being 


6-67<> ± O-OOo// = 1497-3 ± M cm.' 

Owing to the flat-topped nature of the P absorption the P-M separation 
can only be estimated very roughly as 60 cm.~^. In fig. 6, as in figs. 7 and 9 
which follow, regions of maximum absorption are given in duplicate. Such 
duplicate curves were obtained under similar conditions and are inserted as 
comparative evidence of different determinations of the position of ab¬ 
sorption maxima. 
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region. The absorption in this region was weak and in order to bring 
up the contour of the band the pressure was increased to 21-5 cm. Hg. The 
slit widths used were 2 cm,”'. The contour of the band is shown in fig. 7. 
The centre of the ^-branch is at 7*741 ± 0*001// = 1291*8 ± 0*8 cm.“^. 

d*6/t regi(M. The gas pressure was 12*0 cm. Hg and the slit widths wei'e 
3*6 The band (fig. 8) shows P, Q and R branches, the centre of the 


12-2 
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(^-branch lying at 9-264 ± 0-005/t =* 1080-6 ± 0-7 om.~*. The P-B separation 
is approximately 52 

region. The band in this region was much the strongest of all. The 
contour of this band was obtained under low dispersion (see above). The 
P-B separation in this case is about 58 cm.~^. When examined under high 
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Fig. 8 


resolution at a gas pressure of 3-8 cm. Hg with slit widths of 3 cm.“*, the 
broad ^-branch showed two maxima of absorption (fig. 9). This doublet 
stnicture has been checked several times. The positions of the two maxima 

are 18-767 ± 0-01/t = 726-9 ± 0-6 cm. 

13-867 ±0-01/t = 721-6 ± 0-6 om.-». 


and 
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Fig, 9 


Discussion 

The vibratiim spectrum of light ethylene C 2 H 4 

Before entering on a discussion of the above results it is necessary to re¬ 
view briefly our knowledge and the present interpretations of the vibration 
spectrum of C 2 H 4 . The data are summarized in Table II. The fundamental 
modes of vibration of the accepted planar model of ethylene are represented 
in fig. 10 . The notation is a descriptive one based on the symmetry properties 
of the vibrations. This has been introduced, as hitherto authors have tended 
to adopt arbitrary numerical notations of their own which renders correla¬ 
tion extremely difl[icult. It is to be hoped that some such method of de¬ 
scriptive notation will soon become standardized. The principles on which 
it is based ore essentially an extension of earlier notations of Mecke ( 1932 ) 
combined with the methods of symmetry groups: 

V denotes a vibration in which the motions of the atoms are essentially 
along the bonds joining the atoms; 

S denotes a vibration in which the motions of the atoms are essentially 
perpendicular to the bonds; 

4 - denotes that a reflection of the co-ordinates in a certain plane of 
symmetry leaves the vibration unaltered; 



Table I. Vibeution spectrum of C,D, 
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Raman data: Bhagavantam ( 1936 ); Dickinson, Dillon mid Rassetti ( 1929 ); Glockler and Renfiw ( 1938 ); Bonner ( 1936 ). 

♦ We have mnitted firequenciee over 4000 cm.-* which are obxdously^ overtone or combination bands and do not come under 
ocmakleration at Hie moment 
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— denotes that the same operation alters the phase of the vibration by 
half a period. 

The three planes of symmetry are: 

( 1 ) through the centre of symmetry and perpendicular to the O-C axis 
of the molecule; 

( 2 ) through the OC axis and perpendicular to the plane of the molecule; 

(3) the plane of the molecule. 

It will be noticed that this still leaves two modes of vibration undif* 
ferentiated. We are, therefore, forced to introduce our sole numerical con¬ 
vention which is that when two or more vibrations are undifferentiated 
through their symmetry or physical properties* then the lowest one 
(numerically) of the set will be denoted by a suffix q, the next by a suffix ^ 
and so on. 


Selection rules 

The selection rules for fundamental combination bands, which may be 
deduced by the methods of Tisza ( 1933 ), are very conveniently expressible 
in the above notation. Thus for a vibration to be active in absorption it must 
be antisymmetrical with resj^ect to only one of the three planes, i.e. either 
(o{ —h + ), w( H— +) or 6 ;( -h H—). These correspond to changes of electric 
moment respectively along the least, middle, and greatest axes of inertia. 
In order to find whether a combination or overtone band is active we multiply 
corresponding characters of the components together with the rule that 

4 - multiplied by f gives + 


e.g. (t>( -f -f “) + w(-) gives w(-+), which would therefore be in¬ 

active in absorption. 

The rules for the Raman-aotive frequencies are equally simple. Here one 
must have the vibration antisymmetric with resjiect to two or else none of 
the planes. The advantages of such a notation in which the activity of a 
combination band is at once clear by inspection are too obvious to require 
further comment. 

To avoid needless discussion we shall simply remark that there is no 
controversy regarding the assignment of the three ( 4- + -I- ) frequencies, the 

♦ It is not always possible to make the easy olassiEcation into valency and 
deformation vibrations which we have been able to do hero. We suggest that the 
symbol be used to denote a vibration, the character of which is unspecified. 
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two (— + +) frequencies, the <?(+ + —) frequency and v( H-(-), the 

generally accepted values for which have been entered on fig. 10 . The first 

frequency about which difference of opinion has existed is v( ->■). 

Mecke ( 1932 ) and Teller and Topley ( 1935 ) have associated it with the 
Raman frequency at 3230 cm.~^; later authors have preferred to assign it 
to the slightly stronger line at 3076 cm.~^. More recently, Glookler and 


Asaignments 


X 

*'#(+ + +) 

1626 

1515 

X 

^’t(+ + + ) 

3020 

2251 

X 

<J( 4- -f + ) 

1343 

081 


»-{- + +) 

2088 

2109 


^( - + + ) 

1444 

1081 

X 

!'(+-+) 

3107 

2353 

X 

«{+-->•) 

(1020) 

(727) 

X 

K-- + ) 

(3075) 

2304 

X 

S(~- + ) 

(1030) 

(844) 

'—r—»—' 

<!(++-) 

960 

722 

;—»■ t ' 

Si~ + -) 

943 

780 


3{ - ) 

(700) 

(600) 


Fig. 10 . Normal modes of vibration of ethylone molecule. Assignments in 
brackets are still open to question. 

Renfrew { 1938 ) have suggested that the earlier interpretation is the correct 
one as the Raman frequency at 3076 cm.~^ is observable only in the liquid 
whereas that at 3230 om.“^ is observed both in the gas and in the liquid. 
They suggest that the Raman frequency 3076 cm.“* is really the frequency 
which appears strongly in the infra-red of the gas at 3107 cm.~^, the dif¬ 
ference being due to the change of state. We shall discuss the value of this 
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fundamental frequency later* The next frequency S{ -) is very difficult 

to identify as it is inactive both in absorption and in scattering* It can only 
be deduced from combination bands or from data on specific heats. It has 
been assigned a value between 750 and 800 cm. by Eucken and Parts ( 1933 ) 
on the basis of their specific heat measurements. This assumes the allocation 
of the remaining frequencies made by Mecke. Any modification of his 
assignment must, therefore, affect this value. There remain three fre¬ 
quencies, viz. -K), ^(-h) and (y( — -f —). These may be taken with 

<y( + -f — ) and visualized as essentially the oscillations of the two CHg 
groups with respect to one another as units, the first two in the plane of the 
molecule, the latter two in and out of the plane of the molecule. The assign¬ 
ments suggested for them by the various authors are listed in Table III. 


Table III. Controversial frequencies in ethylene 



Meckc 

Frequency 

( 193 *) 

A (5( 4 * “ •+■) 

1100 

/?«(---(-) 

970 

A + + - ) 

950 

B S{- + -) 

940 



Toller 


and 

Bonner 

Topley 

( 1936 ) 

( 1935 ) 

950 

730 

950 

1100 

'940 

950 

noo 

1097 


Thompnon Mannebaoh 


and 

and 

IJnnett 

Vorleysen 

( 1937 ) 

( 1937 ) 

960 

960 

1160 

960 

(or 960) 



These are based on the experimental data in Table II and on different pro¬ 
posals for the internal force fields. Confining ourselves for the moment to 
the experimental data, we might remark that there is no justification for 

assigning the Raman line at 043 cm.“^ to (J(--i-) in preference to ) 

or vice versa. Both frequencies are permitted in the Raman effect. It is 
impossible in the present state of our knowledge to say which would be the 
more intense. The infra-red absorption band at 10 - 6 /t has a very definite and 
intense ^-branch. Of the two frequencies -l- — -t-) and -I- -f- —), the latter 
only may be exjwoted to exhibit a ^-branch (cf. Dennison 1931 ). There is, 
therefore, no ambiguity in this case. We must assign the value 960 cm.~^ to 
(J( -f- + -). The contour of <f( -f- - ) ought to resemble that of the infra-red 
band at 3107 om,~^ since this fundamental possesses the same symmetry, 
i.e. it should show a doublet structure. There is no other band in the ethylene 
spectrum except the weak one at 847 cm.“^ which might be assigned to this 
fundamental. The authors who have assigned the value 050 cm.“^ to this 
fundamental have assumed that it overlies the band due to 6 ( 

Until more details of the rotational structure are available, and these have 
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been explained in detail, it is not possible to say whether this is the case or 
not. It certainly is a possibility which cannot be discarded. It will be ob¬ 
served that although tlie assignments difiFer in detail they have one property 

in common. The sums <y( -+) and <S( -f + —) + — -f —) add 

up to either about 1900 or 2050 cm.“^. The reason for this is that there are 
two absorption bands, the Q-branches of which are at exactly those fre¬ 
quencies. The structure of those bands is such that the vibrations corre¬ 
sponding to them must have the symmetry (—h +) and since these are the 
only two simple combinations of the twelve fundamentals which will give 
frequencies of this order of magnitude, any assignment of these four funda¬ 
mentals must satisfy this requirement. 

There are, however, other weak bands which seem to have been neglected 
in any discussion of the fundamental frequencies. These lie at 847, 1724 and 
2326 It is unfortunate that the contours of those bands are not known 

and, in the case of the latter two, will be difficult to obtain, since they coincide 
with strong atmospheric absorption due respectively to water and carbon 
dioxide. Even though the contour is unknown, the mere existence of those 
bands is sufficient proof that none of the above assignments is satisfactory 
since none will give a simple explanation of them as combination bands. 


The vibration spectrum of heauy ethylene (C 2 D 4 ) 

We can now consider the interpretation of our expeiimental results and 
particularly what light they can throw on the above difficulties. It is con¬ 
venient to summarize first the relations which may be expected between the 
corresponding frequencies in the isotopic molecules. These may be derived 
from the equations of Mannebach and Verleysen ( 1937 ) or from Bedlich’s 
( 1935 ) general theory. They relate the products of corresponding frequencies 
as follows: 

/ 7(4 - + +)h _ n {-- +)h / wtp/i) . 

^(+ + +)d *■ )d 

n( — + ->r )h ^ n{-\ -h )h ^ . 

/7( — + + )n /7( 4- — + )i> V wih/^h’ 

<?(+ + -)h ^ //%, ^(~ + — )h ^ Md. 

i(+ + —jp \ Mn ^{~ + ~)p y M-vl 

g(- ^ Mp 

- )d V»»h’ 








and similarly for and yWp. Here also is the mass of a hydrogen 

atom, Mq is the mass of a (carbon atom, I is the CH distance, L is the CC 
distance, a the HCH angle. The values of the last three are known with 
sufficient accuracy for our purpose (Penney 1937 ). 

The assignment of the four fundamentals, #( + H—), i'( — + +), (J( —h +) 

and - 1 -), to the absorption bands with centres respectively at 722, 

2199, 1081 and 2353 cm.“^ is so obvious as hardly to need further discussion. 
The contours and intensities are correct: the numerical values of the first 
tbiw give excellent agreement when substituted in the above isotopic 

relations. In the case of H-h) it is not possible to apply that check since 

<J( -f — +) is unlocated. It seems to us that the location of this frequency 
is the crux of the whole ethylene problem. At first it seemed a good oppor¬ 
tunity to test the various potential functions since each of these gave a 
rather different value for (J( -f —h )d on the assumption that H— + )h 
was at 950 cm.'^ These are tabulated below: 


Table IV 


Mannebach 



Thompson* 

Fox 

and 



and 

and 

Vorloysan 

Tohang 

Bonner 

Linnett 

Martin 

( 1937 ) 

( 1938 ) 

( 1936 ) 

(>937) 

( 1938 ) 

678 

603 

767 

742 

670 


Bands were looked for in all of these regions without success although 

it should be recalled that since H-h) is weak in C 2 H 4 it will probably 

also be weak in C 2 D 4 . The combination and overtone bands observed in 
CgD^ do not give much help at this stage and we shaU return to them later. 
What is significant is that the band at 722 cm.~^ api)ear 8 to be double. There 
is a distinct second (^-branch at 727 It is extremely difficult to find an 

int^retation of this band unless it be the missing fundamental. Such a low 

^ In a letter to Nature { 1937 ) giving our preUminary results wo quoted 1016 cm.-^ 
as this value. This woe due to a slip in Thompson and Linnett’s paper in a table 
wh^ they give a correlation of their results with Maniiebaoh and Verleyaen’s. 
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frequency cannot be a summation band: it turns out that it cannot be 
interpreted as a difference band either, assuming that the fundamentals have 
the values in Table VII. One other possibility would have been that it was 
2 d( + -f -) “ -f H—) but such a difiference band would be expected to lie 
on the low frequency side of the main fundamental and would hardly have 
such an intensity at ordinary temperatures. 

There is one serious objection to this assignment—the presence of a 
Q-branch. This would be forbidden on a strict application of Dennison^s 
( 1931 ) patterns for the structure of the bands of an asymmetrical rotator. 
Now those certainly seem to hold qualitatively in the case of C^H^, but it 
should be remembered that for CaD 4 the moments of inertia are larger and 
consequently more rotational levels will be excited. Since Dennison’s 
calculations only gq up to J = 4, we cannot rely on them completely. The 
very important case of the two analogous vibrations in formaldehyde 
should be compared. These are essentially due to the oscillations of the CH^ 
group as a unit (a) in the plane of the molecule but perpendicular to the 
symmetry axis, (b) in and out of the plane of the molecule. These have been 
identified by Ebers and Nielsen ( 1937 ) (a) at 1278 ( 6 ) at 1166 cm.^ 

and each exhibits a ^-branch owing to rotational coupling between the 
neighbouring frequencies. When we recall that the oxygen atom is spectro¬ 
scopically practically equivalent to a CHj group it is more than plausible 
that the corresponding bands in ethylene should resemble those in structure. 



Accepting this value of 727 om."^^ for ^( + -“ +) in C^D^ we now use the iso¬ 
topic equations to find its value in CjH^. We find the value 1017 cm.""^. That 
this value is at least a reasonable one may be seen by an examination of the 
absorption of CgH 4 in this region. The absorption curve due to Levin and 
Meyer ( 1928 ) is reproduced in fig. 11. It should be noted that the B side of 




Infra-red absorption spectrum of tetra-deuteroethyhne 187 

the band extends over 100 cm.^^ (from 960 to 1060 cin.~^) whereas the P side 
extends only over 70 This is very unusual; one normally finds the 

positive aide covers a smaller frequency range than the negative because of 
the convergence due to interaction between rotation and vibration. The 
abnormal extension of the CjH^ band at 10 * 6 // on the high frequency side is 
an indication that another weak band is overlapping there. Taking the value 
1020 om.“^ as a sufficiently good approximation for + - +)the value of 

S( --f- )h must be either 1030 or 880 cm.~^ according to the interpretation 

of the bands at 2045 and 1900 cm.“'*. The former of those alternatives is to 
be preferred (a) because the weaker of the two combination bands at 2047 
is more likely to be derived from the weaker of the two fundamentals* 
( 6 ) because the alternative assignment leads to anomalies and contradictions* 
as the reader may readily verify, (c) because the consequent assignments of 
-f H— )x) and S( —h — )i) give excellent agreement, as we shall now show. 
Starting from the assumption that 

— )jj = 950 em.~^ and S{ — \ — )h “ 940 cm.~^ 

we obtain from the isotopic equations 

- )j, = 720 cm. and ~ = 782 cm.“^ 

Experimentally, a strong absorption band with a Q-branch is found at 
722 cm.”^, a Raman line at 780 cm.“^', and a combination band in the infra¬ 
red at 1497 cm.“^ having the contour expected for #( + H—) + 

It remains to evaluate d( -h )j>, since the weak combination band in 

CgD^ which corresponds to the band at 2047 cm.“^^ in C 2 H 4 has not been 
picked up with the limited amount of gas at our disposal. We therefore use 

the isotopic equations quoted and the values -+)n = 3060 cm.“^, 

- 4 *)i, = 2304 cm.^* and p { - +)j|= 1030 cm.'^ This yields 

d{ - 1 “ )i;) ^^44 cm.“^. The results of this discussion are summarized in 

Table V below: 

Table V 

CjH* 1020 1030 960 940 

CjD 4 727 844 722 780 

Confirmation of these assignments can best be sought by seeing whether 
hitherto unexplained bands in the spectra of C 2 H 4 can now be accounted 
for as simple combination bands compatible with the selection rules. In 
doing 80, however, it must be remembered that the assignments of >/{-1-) 
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and S{ -) are still open to question. In estimating -+we took 

the former to be 3070 as opposed to the other possible value of 

3272 cm.“^. This has still to be justified. The combination bands are tabu¬ 
lated below with their characteristics as far as known; alongside each are 
put the possible interpretations consistent with the selection rules. It will 
at once be observed that no interpretation is offered for the very weak 
absorj^tion found by Coblentz { 1905 ) at 847 cm.“^. It cannot be fitted into the 
present scheme as a reasonable difference band; the only explanation is that 
it is a fundamental. This seems very unlikely in view of the observation of 
Levin and Meyer ( 1928 ) that “although slight general absorption existed in 
this region, no fine structure could be found Until further investigation 


Table VI. Inteepretatiok of sfectettm 


Position 

CJharacter 

Interpretation Predicted 

847 

Very weakly active in absorption. 
Contour structureless 

Impurity 

— 

1601 

Very weak in Raman 

»'o( + + +) for C‘»C»*H* 

1601 

1653 

Weak in Raman 

S{ -) + ^(+ + _) 

1650 

1724 

Very weak in absorption. Contour 
unknown 

-) + ^(-+) 

inoG 

2326 

Weak in absorption. Contour un¬ 
known 

<J(+-+) + «(+ + + ) 

2363M 

3230 

Very weak in Raman 

+ + + ) 

3252 

3263 

Very weak in Raman 

2 W -) + <?(+ + -)} 

3300 

4307 

Very weak in absorption. Doublet 

^( + ~ + ) + 2 rj( + + + ) 

4272M 

4324 

Weak in absorption. Doublet? 

<5(+ + +) + 3<J(+ - +) 

•'( — + +) + 5(+ + + ) 

4403M 

4360L 

4516 

Weak in absorption. Doublet 

K- - + ) + «J(- + + ) 

4519M 

4729 

Very weak in absorption. Doublet 

>’(+ - +) + I'o(+ + +) 

4783Af 

The letters L, M and G in the last column indicate that the change of electric 
moment is respectively along the least, middle or greatest axis of inertia. 


shows this to be a real band with structure resembling the other ethylene 
bands, we must conclude that its presence was due to impurity. The assign¬ 
ment given to 1001 em.'”^ has already been suggested by Glockler and Renfrew 
( 1938 ). The interpretation of the additional Raman line at 1653 cm.”^ re¬ 
quires that -) be lowered to about 700 cm.^^. The same api)lies in 

the interpretation of the frequency at 3263 The excellent agreement 

obtained in the interpretation of the band at 4515 cm.“^ is regarded as a 
strong proof that -h) lies at 3070 and not 3263 cm.*^ and ex¬ 

plains why that value was chosen above in the estimation of — -f)p. The 
only other assignments requiring discussion are the alternatives proposed 
for the absorption at 4324 Of the two, + seems 
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the more likely, since -h) has presumably already been 

observed at 2326 cm.“^, while the other assignment means assuming that 
a very weak absorption near the centre of the band is a Q-branch. We are 
now in a position to interpret the spectrum of € 204 . 

There are only three bands to be considered, the small amount of C 2 D 4 
available militating against the detection of more combination frequencies. 
Of these we have already discussed the band at 1497 cm. The other low 
frequency band at 1292 cm."^ is more difficult to interpret; the only possible 
combination of C 2 D 4 frequencies which is active in absorption in this region 

is 8 { -) +^(-+)• This should be close to 1344 cm.~^ if we take 

S( -) 2 j as being 1/^2 times S{ -)jj (700 cm.“^) and S{ -f-)D 

equal to 844 cm."*^. Since neither of the latter two values are experimental 
one cannot expect too close agreement. On the other hand, the possibiUty 
that this weak band is due to the presence of some CjHDg and CaHjDg 
cannot be ruled out. There was about 10 % of H present and one of the most 
prominent bands of any of the mixed molecules would be that due to the 
defotmation vibration of the CHD group. This is known to lie just under 
1300 cm.“^ from investigations on Raman spectra (de Hemptinne etal, 1938 ). 
The remaining band at 2970 cm.~^ is readily interpreted as 

K+ + +) + #(+ + 

although this should only be regarded os the assignment for the strong 
(l-branch at this point. The width of the absorption in this region is such 
that other combination bands must be present such as 

K--+)+#(-), 

but without a knowledge of the contours there is little point in going 
through the fwssible combinations. 


Table VII. Combination bani>.s in G2D4 speotbum 


Position 

Character 

Interpretation 

Predicted 

1292 

Very weak in absorption Q 

or 

S( -) + <?(--+) 

1262 

1344G 

(approx.) 

1497 

Weak in absorption Q 

<J( + + - ) + <5(- + - ) 

1602L 

2970 

Medium intensity in absorption Q 

K+ + +) + <>(+ + - ) 

298U; 
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Gkkkeal conclusions 

The main conclusion to be drawn from the above results and discussion 
is that the fundamental frequencies of ethylene ore not yet definitely settled. 
It is quite certain that all the current assignments are wrong; moreover^ the 
question whether the new set of fundamentals proposed here is the correct 
one or not will best be settled by more experimental work on the weak 
combination bands in both C 2 H 4 and CaD^. Calculations, even with the 
most complex sort of potential function, are in danger of being a waste of 
time until more experimental data are available. In this connexion we would 
refer to a recent publication by Fox and Martin ( 1938 ) in which the authors 

claim to have established the frequency 5(-+ ) for CaH 4 at 1215 om.*“^ 

Their argument is very doubtful for two reasons. First it is based on the 
assumption that + —h) - 950 an assumption which we have 

shown is completely unjustified. Secondly, the potential function takes no 
account of interactions between the two CHg groups (i.e. terms of the form 
in their function are neglected). Yet in the analogous oscillations 
of the CHa groups out of the plane <y( 4- + - ) and - + -) such a type of 
interaction term is very appreciable. Finally, the values they assume make 
it quite impossible to explain the band at 2047 cm.'"^. 

We have actually considered the possibility of (y(-h) being approxi¬ 

mately equal to 1200 cm.~^ but for a different reason. If one takes the 

weak band as 847 cm.““^ as <S( + - +) then -+) would have to be at 

1200 cm.”^ in order to account for the band at 2047 cm.““^. The objections 
to such an assignment are: 

( 1 ) those raised earlier to treating 860 cm.““^ as a fundamental, 

(2) it gives ^(H-h)p = fi00 cm.""^ and so leaves the (^-branch at 

727 cin.“^ unexplained, 

( 3 ) it makes the specific heat much too high unless of course S( -) is 

made very much higher. 

These objections, while strong, are not quite sufficient to rule out this as 
a possible assignment since it may be verified by the reader that practically 
all the combination bands can be accounted for, provided a judicious choice 

of the value of (y(-) is made. Incidentally, the question of the specific 

heat is another objection which may be raised against our proposed assign¬ 
ment, since it yields values fairly consistently above the experimental ones 
by about 1 %. This is possibly not so serious as it sounds since Eucken and 

Parts ( 1933 ), after choosing S{ -) to fit their lower range of values of 

Cp, found that for higher temperatures the experimental values were con¬ 
sistently about 1 % lower than the theoretical ones. 
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It remains to test the various potential functions which have been pro¬ 
posed for ethylene on such of the frequencies of 0^04 as can be assigned 
without doubt* This is done in Table VIII, It should be remembered that 
this is a test of an assignment of frequencies (see Table III) as well as a test 
of a potential function. Actually, however, the variation in the assignment 

applies only to <?( -I-h) and + H—) and, in our table only to S{-i -f- ) 

since #( -f + —) is in a class by itself. Thus it appears from the infra-red data 
there is little to choose between three of the four functions proposed but 
that Linnett and Thompson’s function is definitely very poor. For com¬ 
pleteness one should include the Raman frequencies, but these have already 
been discussed by de Hemptinne and his co-workers ( 1938 ). Moreover, we 
are convinced that a detailed discussion of potential functions is rather 
unprofitable until the assignment of the three doubtful frequencies 

H-h), S{ -h) and d{ -) has been accomplished with absolute 

certainty. 


Table VIII. Values of C 2 D 4 vibration frequencies 

PREBICTKI) ON VARIOUS THEORIES 



Mannobaoli 

Sutherland 


Thompson 


Mode 

and 

and 


and 


of 

Verleyaen 

Dennison 

Bonner 

Linnett 

Observed 

vibration 

( 1937 ) 

( 1935 ) 

( 1936 ) 

( 1937 ) 

value 

•'{- + +) 

2163 

2220 

2160 

2101 

2199 


(1-9) 

(0-9) 

(1-9) 

(3-7) 


«(- + +) 

1073 

1066 

1071 

1187 

1081 


(0-8) 

(2-6) 

(0-8) 

(10-6) 


»'(+-+) 

2326 

— 

2306 

2323 

2353 ±10 


(1'2) 


(2-3) 

(1-2) 


«(+ + -) 

— 

720 

606 

— 

722 



(0-3) 

(29) 




Figures in brackets give percentage difference between calculated and observed 
values. 
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[Plates 9 , 10] 

Cloud-chamber photographs of cosmic rays obtained with a counter- 
controlled chamber do not represent the normal relative frequency of the 
different types of particles and of particles of different energy present in this 
radiation. There is, for instance, a strong bias in favour of ‘ 'shower'' electrons, 
while low-energy particles, owing to their limited effective range, are under 
represented. A knowledge of the true statistical distribution of events in 
cosmic rays is now becoming desirable, and this can only be obtained from 
photographs of tracks produced during random expansions. For this, and for 
certain other reasons, it was considered worth while to revert to the use of 
the randomly operated chamber for certain cosmic-ray investigations,* The 
main objection to its use, viz. its very low efficiency, may be overcome by 
increasing the size of the chamber. The average number of cosmic-ray 
tracks recorded per expansion increases roughly as the fourth power of the 
linear dimensions of the chamber, and it was estimated that a chamber 
about a foot in diameter and a foot deep would on the average record 
one or two cosmic-ray tracks every photograph. A cloud chamber of these 
dimensions was constructed and was found to fulfil expectations. In this 
paper an account of it is given and of some results obtained by its use. 
These results are of a preliminary nature. More extensive observations on 
the various efiects discussed will be made with a still larger chamber which 
is now under construction. 

The results given in this paper are mainly concerned with the relative 
number and the spectrum of cosmic-ray particles with energy below 10® V— 
the region of energy where a counter-controlled chamber exerts most strongly 

*** Schneider has recently ( 1938 ) publishinl an account of observations made with 
a randomly operated chamber, the metliod being chosen for much the same reasons 
as those we have mentioned here. The results obtained by him will be referred to later 
in this paper. 
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its selective action. The evidence for mesotrons (‘ ‘ heavy electrons ’') obtained 
earlier by Williams and Pickup {1938) was obtained in experiments with 
the chamber described here. A fuller account of certain details connected 
with this work is given in the present paper, together with a discussion of the 
relative number of slow mesotrons in cosmic rays at sea-level. I wish to 
thank Mr Pickup for his permission to reproduce here the mesotron tracks 
observed in our work. 


1. Description of cloud chamber 

The essential parts of the cloud chamber used in the present work are 
shown in fig. 1. The main compartment A, where the tracks are formed, is 
cylindrical, about 30 cm. in diameter and 30 cm. long. Before an expansion 
is made the rubber diaphragm B is close to the perforated brass plate (7, 
the valve D is shut and the reservoir E partially evacuated. To operate an 
expansion the catch F is knocked in the direction of the arrow. This opens 
the valve, and the rubber diaphragm falls on to the perforated brass plate 0 . 
Most of the photographs were taken with ethyl alcohol vapour as conden- 
sant, the expansion ratio for which is about MO. 

The side of C facing A is covered with black velvet, which prevents 
irregular motion of the gas in A during an expansion and provides a dark 
background for the tracks. The camera used had lenses of focal length, /, of 
12 cm,, and an aperture of //5*8. It was focused on the plane J between 
the magnetic field coils U, With a magnification of 0-28, such as was chosen, 
the effective depth of focus was about 5 cm. 

To avoid distortion of the tracks by convection currents it is very im¬ 
portant that the walls of the chamber be kept at a uniform temperature 
(of. Blackett and Wilson 1937), a variation of half a degree or so being the 
limit tolerable. In view of this the brass formers containing the field coils 
(the inside of which are within 2 cm. of the chamtor walls) were kept at 
room temperature by passing water through the copper tubes K soldered to 
the side of the formers. With this precaution the distortion of the tracks 
(the estimate of which is described in the next section on the spectrum) 
corresponded in general to a radius of curvature (in the chamber) greater 
than 7 m., i.e. to a dip in an arc 10 cm. long of less than 0-18 mm. Convection 
currents set up as the result of the expansion are confined, during the 
sensitive time of the chamber, to a region close to the walls and do not 
give any trouble. 

A meohanical method of timing the various events in the operation of the 
chamber proved quite satisfactory. With the arrangement used the timing 
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could be reproduced at long intervals with an accuracy of at least 0*01 sec. 
This reproducibility is important, especially when the chamber is used for 
determining decay periods of long-lived radioactive substances, and it is 
doubtful if an electrical method of tuning would be equally reliable. The 
chamber described here has been used for this purpose, the radioactive 
substance being mounted inside the chamber as shown in the figure (Walke, 
Williams and Evans 1939). 



The interval of time after an expansion during which the supersaturation 
remains sufficient to cause condensation on ions—the sensitive time of 
the chamber—was determined by counting the tracks from a radioactive 
source which was uncovered at different times after the expansion, the ex- 
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panflion ratio used being the maximum consistent with not giving a general 
cloud. It was found to be about 0*4 sec,, which is about 20 times greater 
than the sensitive time of an ordinary sized chamber about 4 cm. deep. 

In a note to be published elsewhere (Williams 1939) it is shown that if 
we neglect the motion of the gas near the walls due to local turbulence set 
up during the expansion, or to convection currents, the sensitive time of 
a chamber is 

T - (VJ 8 )^ (Sr/r)^, (1) 

where p is the density of the gas in the chamber, C its specific heat at constant 
pressure, 7 the ratio of its specific heats, and k its thermal conductivity. V is 
the volume of the chamber after expansion and aS the total surface area. 
(1 +r) represents the expansion ratio, and Sr the difference between the ex¬ 
pansion ratio which is just sufficient to give tracks and that which begins to 
give general cloud. For an ordinary sized chamber, say 4 cm. deep and 16 cm. 
diameter, (V/S) is about 1-3 cm. For the large chamber described here its 
value is about 4 cm. Thus according to (1) the latter should have a 10 times 
greater sensitive time. This is in rough agreement with the relative values 
actually observed. 

For oxygen or air, at normal pressure, the absolute value of r according 
to(l)i8 

30 ( V/S)^ (Sr/r)^ == 500 (Sr/r)^ 

for the present chamber. The value of (Sr/r) corresponding to the observed 
value of T, viz. 0 - 4 sec., is therefore 0 * 03 . This estimate agrees, at least in 
order of magnitude, with the actual value of (Sr/r). Specific observations on 
the latter were not made. This agreement indicates that the effects of air 
currents and of radiation left out in the derivation of (1) do not increase 
appreciably the conduction of heat from the walls. It should be noted that 
in ( 1 ) it is also assumed that the expansion itself is adiabatic. This is in 
effect satisfied provided the expansion takes a time small compared with t, 
which was the case in the present experiments. 

The average number, JV, of cosmic-ray tracks recorded in a cloud-chamber 
photograph is approximately equal to uAt, where n is the number of cosmic- 
ray particles/sq. cm./sec., and A is the area of the horizontal projection of 
the volume of the chamber photographed. A = dZ), where d is the diameter 
of the region photographed, and D is the depth of focus. At sea-level n is 
about 0 * 03 . For the present chamber d'-- 24 , r'- 0 ' 4 . Thus 1*6, 

which agrees roughly with the observed value. The large sensitive time and 
volume of the chamber also makes it a very sensitive detector of radiations 
from radioactive substances. 
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It should be noted that the use of a large ohamber to give a long sei^sitive 
time ensures that during this time convection currents set up by the 
warming of the gas do not reach far from the walls of the chamber. In this 
respect besides x^i^ovidtng a large sensitive volume the method is much 
superior to that in which the sensitive time is increased by following the 
main expansion (in a smaller chamber) by another expansion made at such 
a rate as to maintain the necessary supersaturation. The latter method (as 
has been shown by Bearden ( 1935 ) and Frisch ( 1935 )) is quite effective in 
increasing the sensitive time, and could, of course, be incorporated in the 
present chamber to give a still larger sensitive time. 


2, Energy spectrum of cosmic-ray particles below 3 x 10® V 

All tracks with a photographed length (projected on the plane of the 
ohamber) greater than 9 cm. were included in these measurements. All tracks 
shorter than this, through leaving the field of view^ or becoming blurred by 
going out of focus, were left out on account of the greater uncertainty in their 
curvature. This uncertainty arises from their finite thickness, and sometimes 
from distortion produced by motion of the gas in the chamber, which takes 
place when the temperature of the walls is not sufficiently uniform. For a 
long track this distortion is not equivalent to a uniform curvature. It is 
generally localized to a portion of the track and therefore detectable as such. 
In nearly all cases, however, the curvature was calculated from the deviation 
of the middle point of the track from the straight line joining its ends. No 
diffused tracks, i.e. tracks which passed through the chamber before the 
expansion, were included in the measurements. The number of tracks which 
thus qualified for inclusion in the spectrum was about 600. For the majority 
of these (series A), the magnetic field used was about 2200G, and it was 
about 1000 G for the remainder (series B). 

The tracks were divided into five groups corresponding to the following 
ranges of energy (E), expressed in electron-volts: 3 x 10®-10’', 10'^-3 x 10 ’, 
3 xl 0 ’™ 10 ®, 10®-3xl0®, >3x10®. Assuming the particles to have a 
velocity close to that of light, which is the case for practically all cosmic-ray 
particles, we have E * 300 iT/), Of the 366 tracks in series A with energy 
greater than 10 ® V it was not possible in the case of about 40 of them to 
determine whether the energy exceeded 3 x 10 ® V or not, i.e. to distinguish 
between the last two divisions. The 320 tracks or so for which this distinction 

* The field of view does not extend to the walls of the chamber. The scattering 
from the glass walls of the light which enters the chamber limits the effective region 
for tracks to a cylinder of diameter about 24 cm. 
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was possible were distributed between the two divisions in the ratio of 1 to 
3*5, and the proocsdure adopted for the above 40 tracks was to apportion 
them between the two divisions in the same ratio. No attempt was made to 
distinguish between the last two divisions for the tracks in series B, It may 
he assumed that above 3 x 10® V electrons from radioactive substances do 
not make any contribution. The results are given in Table I. 

Table I 

No. of particles with energy, in the interval 

Series 3x U)«~10’ l()’-3 x 10’ 3 x lO’-lO** 10«*^^3 x 10« > 3 x H)« Tot^ 

A (2200 G) 37 39 40 79(40) 277 (316) 472 

B{1000a) 7 7 8 50 82 

There is no significant difference between the distributions for the two 
series, which indicates that up to 10* volts a field of 1000 gauss produces 
a fairly accurately measurable curvature. For about one-half of the photo¬ 
graphs in series A there was 1 cm. of lead immediately above the chamber. 
An analysis of the results shows that such lead has no appreciable effect on 
the spectrum. In the absence of this lead about two-thirds of the tracks 
had to traverse about 5 cm. of cojiper in order to enter the chamber, the 
remainder encountering only light building material in entering the chamber 
from the outside atmosphere. 

It may be noted that the ratio of 3*5 to 1 of the numbers in the last two 
groups signifies an upper limit to the average error in the curvature cr{ = I/p) 
ofa'^-( 1/700) radians per cm. (/>^-700cm., £^^-4*5 x 10* V). This estimate 
is obtained on the supposition that the observed curvature of the tracks in 
the two groups is entirely spurious, to be attributed for example to distortion 
of the tracks by air-motion. Though of course this is not the case it is certain 
that some tracks with energy greater than 3 x 10* V have been included in 
the group 10*-3 x 10*. In fact it is the number in this group that is subject 
to the greatest uncertainty, for below 10* V the curvature is so large that the ^ 
fractional error in its measurement is comparatively small, while in the group 
above 3x 10*V the number of particles is so large that even if all the 
particles recorded between 10* and 3 x 10* were transferred to it the per¬ 
centage increase in the number would only be about 20. For the purpose of 
the discussion to follow we shall assume that in the series A the true number 
of tracks above 3 x 10* is the directly recorded number plus 39. This correc¬ 
tion is obtained on the assumption that the excess of the number in the group 
10®-3 X 10* over the number expected by extrapolation of the distribution 
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below 10® V is due to the inclusion of particles whose true energy is above 
3 X 10® V. The modified numbers are given in brackets in Table I. 

Observations have previously been made by Danforth and Lipmann 
(i934)> and by Schneider (1938) on the relative number of very low energy 
oosmic-ray particles (< 10’V), using a randomly operated cloud chamber 
as in the present exj>eriment8. They find that electrons with energy between 
3x10® and 10’V constitute nearly 10 % of all cosmic-ray particles. This is 
in satisfactory agreement with the present value of 8 %. 

The energy spectrum from about 5 x 10® to 2 x 10^® V has been measured 
by Blackett {1937).* The present data serve to extend the spectrum down 
to 3 x 10® V. The combined results are given in Table II, and represented 


graphically in fig. 2. 

Table II 


E , 

E , 

/ 

3x 10* 

10’ 

0-079 

10’ 

3x 10’ 

0-084 

3x 10’ 

10* 

0-086 

10® 

3x10* 

(0-084) 

3x10* 

10® 

0*142 

10* 

3x10® 

0-276 

3x 10* 

10’® 

0-173 

lOw 

3x10’® 

0-051 

3x lO*® 

00 

0-024 


In the table/represents the ratio of the number of particles with energy 
between and to the total number with energy greater than 3 x 10® V* 
In the figure the ordinates represent log {dfjdE), where df is the ratio of the 
number with energy between E and E + dE to the total number with energy 
greater than 3x 10®V. J? being measured in 10®V. The energy is plotted 
logarithmically along the other axis, so that a negative slope of 7 means 
that in that region {dfldE)ccE^y, 

Cosmic-ray particles are now believed to consist mainly of electrons and 
the newly discovered mesotrons. The latter constitute the penetrating 
component of cosmic-ray radiation. With this interpretation of cosmic rays 

♦ Blackett's results do not extend much below 5 x 10** V, because of the selective 
action in this region of the counter-controlled chamber used in his experiments, as 
disctissed in the introduction to this paper. This selectivity does not apply above 
about 6 X 10* V because particles of such energy generally appear singly, and the 
probability of recording “single*’ particles is practically independent of their energy. 

In Blackett’s measurements tracks inclined at on appreciable angle to the vertical 
are also excluded by the counter-control, though included in the present measure¬ 
ments. This difference however does not affect the main significance of the combined 
results. 
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it follows from the measurements of Blackett and Wilson on the energy loss 
by cosmic-ray particles in metal plates, that above about 3xl0«V the 
particles are nearly all mesotrons. On the other hand below about 10* V 



Fig. 2. Energy spectrum of cosmic-rey particles at sea-level, df fractions of particle 
above 3 x 10* V with energy between E and E~hdE* 


the energy loss and specific ionization are characteristic of electrons. There 
is accordingly a fairly sharp transition from electrons to mesotrons between 
10® and 3 x 10* V. Thus if the distribution of electrons and that of mesotrons 
were plotted separately the former would be represented by the curve in 
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fig. 2 below about 10 ® V, the latter by this curve above 3 x 10 ® V. Little is 
known about the distribution of mesotrons below 10 * V where electrons 
predominate. Included in the photographs examined here for the spectrum 
are those which revealed the tracks of two or three slow mesotrons reported 
earlier by Williams and Pickup ( 1938 ). These tracks give a rough idea of the 
number of mesotrons with E^3 x iO’V.* The result is represented by a 
double circle in the figure and corresponds to an intensity of about 1 % of 
the electron intensity at the same energy. The theoretically expected number 
of low energy mesotrons is considered in § 4. 

The electron spectrum well above 10 ® V where mesotrons predominate 
may be inferred from the frequency of showers as has already been done by 
Blackett { 1938 ). The showers observed in the present experiments are 
discussed in the next section (§3). Their number and size indicate that the 
number of electrons with energy l>etweeu 10 ® V and 3 x 10 ® V is of the order of 
0-003 of the total number of particles. This value, which is represented by 
the crossed circle in the figure, is about 0*01 of the mesotron intensity at the 
same point. 

The ratio, ii, of the number of electrons to the number of mesotrons is a 
quantity of interest. According to the present measurements 25 % of all the 
particles have energy less than 10 ® V, and from the evidence cited above 
these are practically all electrons. 67 % of the particles have energy greater 
than 3 X 10 ® V and we have seen that only about 1 or 2 % of these are 
electrons. Of the remaining 8 %, between 10 ® and 3 x 10 ® V, half may be 
assumed to be electrons and half mesotrons. Thus approximately 30 % of 
all the particles are electrons, and 70 % are mesotrons, which gives 12--0-4. 
This result agrees in order of magnitude with the ratio of the soft component 
to the hard component as estimated from absorption experiments using 
counters. A close comparison in this respect is not possible, as the observa¬ 
tions of different workers, using the counter method, do not lead to con¬ 
cordant results. 

The absorption of electrons in the atmosphere is so high that those observed 
at sea-level have to be attributed to a secondary action of the penetrating 
component, i.e, of the mesotrons. One process in which electrons can thus 
be produced, pointed out by Bhabha ( 1938 ), is that in which a mesotron in 
a close collision with an atomic electron communicates to it a large amount 
of energy (“knock-on” collisions). The theoretical value of the average 
number of electrons which accompany the cosmio-ray mesotrons at sea- 

♦ It must be remembered that E represents 300 Hp, and therefore not the energy 
itself for slow particles. Taking the mass of the mesotron to be 130 electron masses, 
a mesotron with - 3 x 10’ has an energy of 4*5 x 10* V. 
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level due to this prooees, is about 0-3 per mesotron.* If electrons with 
energy less than 3 x 10 * V are excluded, as in the present experiments, the 
relative number of electrons due to the knock*on process is appreciably 
less than 0-3, being only about 0*10-0*14 for light elements and still 
less for heavy elements.t The observed ratio is about 0*4, so that the 
knock-on process accounts for only about one-third of the observed number 
of electrons. Recently Euler and Heisenberg ( 1938 ) have shown that the 
spontaneous disintegration of a mesotron to an electron and a neutrino— 
which is to be expected if mesotrons are identified with the heavy quanta ** 
of Yukawa’s theory of nuclear forces—accounts satisfactorily for certain 
outstanding anomalies in the absorption of mesotrons in the atmosphere. 
They show further that this disintegration gives rise to a fairly strong 
electronic component. Assuming a decay period for the mesotron of 
2 X 10 ~* sec.—a value in accord with the absorption anomalies—Euler and 
Heisenberg find that the number of electrons in air at sea-level due to 
the disintegration process is about 0*3 per mesotron. This, together with 
the contribution of 0*10-0*14 from the knock-on process, would account 
satisfactorily for the number of electrons observed in the present experiments. 
It must however be remembere<l that the estimate of the number of dis** 
integration electrons made by Euler and Heisenberg refers to cosmic 
radiation in the open air. The presence of solid material above the chamber 
in the present experiments, particularly the copper of the magnetic field 

♦ The estimate of this number may be made without much difficulty. The simpli* 
fying factor is that the rate of loss of energy by a fast electron is nearly independent 
of its energy. By virtue of this the total length of electron tnick arising from the 
production by the penetrating particle of a secondary electron of energy, Q, is practi¬ 
cally the same whether the energy Q is dissipated into ionization by this electron 
itself, or by other fast electrons to which it may give rise through the cascade process 
of shower formation. Thus, in calculating the average number of electrons of all 
eneigios accompanying a mesotron, the difficulties involved in a quantitative treat¬ 
ment of the cascade process may bo obviated. Some calculations along these lines 
will be described elsewhere, and the details of the estimates quoted above. The results 
obtained differ appreciably from those obtained by Bhabha ( 1938 ), especially for 
light elements. In Bhabha’s calculations the details of the cascade process are worked 
out, and large errors may have thus been incurred. 

t These estimates assume that the electrons are in equilibrium with the mesotrons. 
Now the change in the average number of electrons per mesotron when cosmic 
radiation passes from one material to another is closely related to the change in the 
total ionization due to this radiation. From the rcssults of the observations on the 
latter it may be inferred that during such a transition the number of electrons remains 
very nearly between the equilibrium values for the two materials. The present 
estimates made on the above assumption of equilibrium are therefore not inapplicable 
to the present experiments—in which appreciable amounts of material of different 
atomic numbers lie above the chamber. 
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coils, appreciably reduces the number of disint^ration electrons, and it is 
not unlikely that some other process for the production of electrons by 
mesotrons will have to be assumed in order to account for the number of 
electrons observed. 

Regarding the form of the energy distribution of the electrons it will be 
seen from fig. 2 that below about 10 ® V log {dfjdE) varies linearly with log E. 
The line is inclined at — 45° which corresponds to {dfjdE) oc E^^, It is how¬ 
ever likely that this simple form oT the distribution is accidental, being a 
resultant effect of different and independent factors, and we shall not discuss 
it further here. 

Tracks of cosmic-ray electrons are reproduced in figs. 3™5 (Plate 9). 
About 30 % of the electron tracks are either associated with each other in 
pairs or accompany the nearly straight tracks of mesotrons. Examples of 
each kind are reproduced. The majority of electron tracks are not obviously 
associated with other tracks in the chamber. 


3. Electron showers 

Five showers consisting of seven or more electron-tracks were observed 
in the 1000 or so photographs taken. Though this number is small, it exceeds 
the total number of showers observed in previous observations made with a 
randomly operated chamber, and it is sufficient to give a rough idea of 
the relative frequency of showers in cosmic rays. 

The tracks in one of these showers (reproduced in fig. 6 , Plate 9) are nearly 
parallel, and are widely spaced, indicating an origin not in the immediate 
neighbourhood of the chamber. It is probable that the tracks observed in 
the chamber form only part of a much bigger shower which may be of the 
type recently observed by Auger, Maze and Grivet-Meyer ( 1938 ) using 
widely spaced counters. The electrons traverse the chamber obliquely, and 
as a result their energy cannot be accurately measured. 

The other four showers have their origin in the material immediately 
surrounding the chamber. They are, in all probability, produced by the 
cascade process. Two of these showers are reproduced in figs. 7 and 8 
(Plate 9). From the number of such showers the number of high energy 
electrons in cosmic rays at the levels concerned may be deduced. This has 
been done by Blackett ( 1938 ) using Heitler's theoretical results for the 
cascade process, and estimating the relative frequency of showers from 
counter experiments. There is, however, some uncertainty as to the number 
of electrons in the showers which a given counter arrangement records. It 
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is therefore of interest that the number of showers observed in the present 
experiments with a randomly operated chamber confirms in order of 
magnitude the number deduced from counter experiments. Of the four 
showers mentioned above three appeared in the photographs taken with 
1 cm, of lead over the chamber. These have 8 , 8 and 11 tracks respectively, 
the tracks being sharp. The total number of sharp tracks in the same series 
was about 700. Thus the ratio of the number of showers with 8 or more 
tracks to the total number of tracks is about 0'004. According to the results 
of counter experiments by Montgomery and Montgomery ( 1935 ) this ratio, 
under 1 cm. of lead, is about 0 * 001 . There is thus rough agreement, though 
the present results indicate that the actual relative number of showers 
somewhat exceeds the number deduced from counter experiments.’** 


4. Tracks providing evidence for mEvSOtrons 

The most direct evidence for the existence of mesotrons has come from 
the observation in cloud-chamber experiments of tracks whose momentum 
and specific ioniz^ation are theoretically compatible only if we assume the 
particle to have a mass considerably greater than that of an electron but 
still much less than that of a proton. Examples of such tracks have been 
obtained by several workers, including E. Pickup and myself. The experi¬ 
ments of the latter, which were made with the large cloud chamber described 
in § 1 , have been described in a communication to Nature ( 1938 ). Three or 
four tracks were observed which could not be attributed to protons or 
electrons. In the above communication these were labelled a, 6 , c, and d, a 
reproduction of d being given. Track d is again reproduced here, and a 
reproduction of a is also given. 

Track d (figs. 13,14, Plate 10 ). This is the one which, of those observed by 
Williams and Pickup, provides the most conclusive evidence for the 
mesotron. Its momentum deduced from the curvature is about 70wc, where 
c is the velocity of light, and m is the mass of an electron. An electron with 
this momentum would have a velocity close to that of light, and its specific 
ionization would be characteristic of fast electrons. The ionization along d 
is, however, about 3 times that along fast electrons, so that an electronic 
origin is ruled out. In fig. 14 (Plate 10 ) a portion of d is reproduced alongside 
the track of a fast electron, and the large difference in ionization is readily 
seen. A proton with the same ionization as d would have a momentum and 

* The presence of the copper coils above the load in the present experiments would 
not be expected to increase the frequency of showers of the size concerned. 
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therefore radius of curvature about 10 times greater than that observed^* 
But before we can use this result to rule out a proton we must be sure that 
the observed curvature of d cannot have been spuriously produced by motion 
of the gas in the chamber. This in fact is the crucial question regarding this 
type of evidence for the mesotron, and it was not until track d was obtained 
that we were absolutely sure that it could be answered negatively. Regarding 
the effect of air motion, to quote from the earlier report by Williams and 
Pickup: “Photographs taken in the same ‘run’ happened to have tracks 
of fast particles in the same part of the chamber, and these showed that 
spurious curvature, which, of course, exists to some extent, was not more 
than about one-twentieth of the curvature of the track d. Moreover, the 
spurious curvature was in the opposite direction to that of the latter. Old 
tracks passing through before the expansion showed obvious distortion, but 
even for these the extent of the corresponding spurious curvature was small 
and again in the opposite direction to that of d.” We might mention also 
that the curvature of d is about 15 times the uj)per limit to the average 
spurious curvature for all the photographs as estimated in § 2. There is thus 
no possibility that the curvature of d is spurious, and accordingly a proton 
cannot have been the responsible particle. 

The curvature and ionization of d are compatible only with a particle 
with a mass of about one-tenth the mass of the proton. It is not possible to 
deduce an accurate value of the mass of the responsible particle from the 
experimental data. One obtains its momentum fairly accurately from the 
magnetic field and the radius of curvature of the track (Hp). The velocity 
is estimated from the specific ionization, and it is this which is subject to 
most error. In track d the spots along the track represent (with one or two 
exceptions) primary ions, but they are so close that the number per cm, is 
difficult to count. Two procedures were 8fcdopted in estimating the specific 
ionization. In one the number of distinguishable spots along the track was 
counted, and a correction then made for unresolved spots to obtain the true 
number of primary ions per cm. Denoting the latter by I and the unoorreoted 
number by Iq then, 

/ ««r~Moge(l-/oC^)“*^ (2) 

where cr is a parameter representing the resolving power, and is comparable 
with the width of the track. For the part of d in focus = 26 and <t « 0*03, 

♦ Alternatively a proton with the observed ourvature would have a velocity of 
0*04c and accordingly a specific ionization about 100 times that of fast electrons and 
30 times that of d. Furthermore, a proton with a velocity of 0*04c would have a 
range of only about 4 cm. in the oh^ber, while d has a range of at least 20 cm. (which 
is its observed length in the chamber). 
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giving / 46, A check on this number was obtained by the second pro¬ 

cedure, InalengthZof track the average number of ions, i.e. of free paths 
is Ih The mean free path is so that the average number of free paths 
greater than g cm. in a length I is 

n - Iler^o^ (3)* 

Large free paths appear as gaps in the track, the true gap being of course the 
observed gap plus a quantity roughly equal to the width of the track. In 
8 cm. of the track d there are 6 gaps greater than 0*08 cm., thus =s 6 , 

giving / ss 63 in fair agreement with the more direct method. This second 
method is more powerful than would apj^ear at first sight. It is not very 
tedious if one counts only the big gaps, and though the number of such gaps 
is small the exponential tenn varies so rapidly with 1 that there is no large 
statistical error. The biggest error actually comes from the measurement of 
the gap length. 

Measurements on 5 electrons with velocities between 0*8 and 0*97c taken 
under the same conditions as track d gave an average primary ionization 
(reduced to 0-96c) of 14*1 + 1 . The gas in the chamber in the experiments 
was a mixture of hydrogen and air in approximately equal proportions by 
volume, and this result is consistent with the primary ionization in hydrogen 
and in air as observed by Williams and Terroux ( 1930 ). From the work of 
the latter, and some other considerations, the primary ionization may be 
taken to vary as y?" Accordingly the velocity of the particle responsible 
for track d is 0*96( 14* 1 — 0»41c. The radius of curvature of d is 65 cm. 
and the magnetic field used was 2300 G. This gives Hp = 1*26 x 10 ®, which 
corresponds to a momentum of 73 mc, where m represents electronic mass, 
and c the velocity of light. If p is the mass of the particle its momentum is 
Equating this to 73mc, and substituting 0*41 for we have 
ji = 160m. The probable error is estimated to be about 16 %. 

Track a (fig. 16, Plate 10 ). This track has a much greater specific ionization 
than an electron of the same curvature, while a j^roton with the same ioni¬ 
zation would be practically straight having a curvature about 10 times less. 
Of the tracks obtained by Mr Pickup and the writer it ranks next to d in the 
conclusiveness of its evidence for a “new” particle. Its average radius of 
curvature is 110 cm., and though there is a slight flattening in the middle 

* It ia of int-ereHt to calculate from tins tho expected numbf^r of large gaps iti 
tracks of fast electrons in air* For this case tho value of / is about 22 (Williams and 
Torroux 1930 ). It follows then from tho above formula that in 10 cm, of track there 
is a ]M*obability of about 0*6 of a gap greater than 3 mm. 8 uoh gaps therefore do not 
necessarily mean ineffioient condensation on ions, if they do not occur more frequently 
than about once every 10 or 20 cm. 
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the deviation of the track from a circle of this curvature is well within 
the upper limit to the distortion curvature resulting from air motion, as 
estimated in §2. This slight flattening, therefore, does not signify any 
abnormal air motion in this particular expansion. On the other hand, the 
deviation of the track from a straight line—which is practically what the 
path of a proton giving the same specific ionization would be—corresponds 
to about 7 times the upj>er limit to the average curvature due to air motion. 
There is thus little possibility that the responsible particle is a proton. This 
possibility, however, cannot be ruled out with the same certainty as in the 
case of track ci, and it was not until d was obtained (some eight months after 
a) that it was considered safe to demand a particle to account for 

tracks of this type. 

The greater density of ionization along a than along d, which is mainly 
due to the gas being air instead of an air-hydrogen mixture, prevents a 
measure of the ionization along a by direct counting. It can only be done by 
the *'gap** method. In 13 cm. of the track there are 5 gaps greater than 
0-5 mm. Hence from equation (3) the specific primary ionization is 115. 
The ionization along tracks of million-volt electrons (/?'-0-96) in the same 
gas was found to be 23. Hence, as in the calculations for d, the velocity of the 
particle responsible for a is 0*96(23/1=« 0*30c. This velocity, and its 
momentum of 65mc, give a mass equal to {65(1 -0*30*)*/0‘30}m == 210m,* 
with a probable error of about 20 %. 

The particle responsible for the track c, mentioned in the earlier report, 
passed through the chamber before the expansion, the ions having diffused 
appreciably before condensation. Under these conditions tracks are generally 
distorted quite appreciably by air motion, and track c actually did not have 
a uniform curvature. Accordingly the identification of the track as that of a 
mesotron is not quite certain. 

The following table contains a summary of the two tracks a and i.f In 
view of the much greater accuracy of the data for d the value of the mass 

♦ In thts earlier report the relativistic correction (l-O-SO*) was omitted and the 
estimated mass vras 220m. 

t The track b mentioned in the earlier report by Mr Pickup and the writer indicates 
a tnasa of about 600wi, which is much greater than the above values given by tracks 
a and d. The difference between the observed curvature of b and that of a proton 
with the same density of ionization corresponds to a radius of curvature of about 
250 cm., which is about one-third the upper limit to the average spurious radius of 
curvature estimated in § 2. This, however, does not leave enough margin of error to 
rule out a proton as the responsible particle. In any case, if it is not another “new” 
particle, it is far more likely to be the track of a proton than that of a particle of 
mass around 200m> The spurious radius of curvature to make it conform to the latter 
would be less than 100 cm. 
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deduced from this alone may be taken as the best value yielded by the present 
work. denotes the specific ionization of a million-volt electron (y? « 0-96). 

Track p J/pxlO* Momentum-rme Velocity— c Mass-m 

d 55 1*26 3-3 73 0-41 160 ±30 

a 110 1*10 5 66 0-30 210 ±60 

In the course of investigations of certain induced activities, using the 
cloud chamber described in this paper, Mr F. C. Thompson recently obtained 
a photograph of another track with too mucli curvature for a proton, and 
too much ionization for an electron. The ionization and curvature indicate 
a mass of about 200m, in satisfactory accord with the values in the above 
table. 

It is of interest to compare the observed number of tracks distinguishable 
as those of mesotrons with the total number of cosmic-ray tracks observed. 
Confining the estimates to sharp tracks, that is to particles passing through 
the chamber after the expansion, the number of distinguishable mesotrons 
in all the photographs taken using the present chamber (including those 
taken in investigations of induced radioactivity) is three, viz. tracks a and 
d and the above-mentioned track obtained by Mr Thompson. The total 
number of sharp cosmic-ray tracks in the same photographs is about 2500. 
To be distinguishable from fast electrons it may be assumed that the velocity 
of a mesotron must be less than about 0-5c—corresponding to an ionization 
about 2^ times greater than that of a fast electron. The data accordingly 
means that at sea-level a fraction of the order of 0*001 of all ionizing cosmic- 
ray particles are slow mesotrons, i.e. with a velocity less than 0*5c. 

Let N{T)dT be the number of mesotrons with energy between T and 
at sea-level, and <xN(T)dT the number at a height above sea-level 
(i.e. above the chamber) equal to the range, R\ of mesotrons of energy T, 
Let dTjdx denote the rate of loss of energy when the energy is T. Then if R 
is the range of a mesotron of velocity 0*5c, and if slow mesotrons are not 
created as such, the expected number at sea-level with velocity leas than 
5-Oc is approximately 

N,^aN(T){dTldx)R. (4) 

Taking T as 6 x 10® V and assuming that for this and lower energies there is 
no process of energy loss other than ionization i2''*-250g./cm.®, and a is 
about 1*5. Also dTldx^2xl0^Yj^,lcra.'^ for this value of T, and 
l*2g,/om.*. From the discussion in §2 the number of mesotrons per 
10*V in the region of 5 x 10® V is about 0*0002 of the total number, of 
cosmic-ray particles. Therefore from (4) 

« 1*5 X 0*0002 X S X 2 X 1*2 = 0*0007 x 8. 


I4-* 
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The sjK)ntaneoii 8 disintegration of a mesotron, for whieh there is now 
considerable evidence (Euler and Heisenberg 1938 ; Blackett 1939 ), and 
which is not allowed for in (4) reduces the number of slow mesotrons, under 
the conditions of the present experiments, by about 40 %,* Thus we would 
expect about 4 slow mesotrons every 10,000 cosmic-ray particles. This 
agrees in order of magnitude with the observed number of slow mesotrons. 
The latter is too small to give much significance to the actual ratio of about 
3 to 1 of observed to calculated. 

[Note added in proof, 28 June. Maier-Leibnitz ( 1939 ) recently reported 
observing 6 mesotrons coming to the end of their range in a cloud 
chamber, the chamber being operated in such a way as to give it a sensi¬ 
tive time of about one second (alow expansions, of end of § 1). The observed 
number of mesotron-ends is much greater than would be expected from 
the number of slow mesotrons (velocity <0*5c) observed in the experi¬ 
ments described here. As Maier-Leibnitz shows, the theoretical ratio of the 
number of mesotron-ends observed in a cloud chamber to the number of 
slow mesotrons observed (assuming very slow mesotrons are not created 
as such) is equal to the ratio of the average length of the track of a 
slow mesotron traversing the chamber, I say, to the range of a slow 
mesotron, i.e. R of equation (4). i? is about 1*2 g./om.®, while for the 
chamber used by Maier-Leibnitz and also the present chamber I is about 
10 cm. of air at N.T.P,, -- O-Ol g./cm.®. Accordingly, in the present experi¬ 
ments in which 3 slow mesotrons have been observed, the expectation 
of a mesotron-end was 3{l/R) 0*03 only. The total length of cosmic-ray 
track in Maier-Leibnitz’ experiments was about 3*6 x 10 ^ cm. of normal 
air, and in the present experiments about 2*5 x 10 ^ cm. The number of 
mesotron-ends to be expected in Maier-Leibnitz’ experiments from the 
number of slow mesotrons observed in the present experiments is therefore 
about 0*04. The reported number of 6 cannot be reconciled with this, 

♦ The fraction of mesotrons of initial energy x x ptc* which roach the end of their 
range without dmintograting is whore 7 is approximately 

{jic/tF) {log -f ir*)}. 

/I is the mass of the mesotron, r its “rest’" decay period, and is the rate of loss of 
energy per cm, of a mesotron of velocity fic. F increases slowly with fi, but this may 
be neglected in an approximate calculation. For air at K.T.P. F ^2000 V/cm. 
Taking pt = 160wi, and t =; 2 x sec., the fraction of mesotrons of initial energy 
5. io« V which reach the end of their range in air (N.T.P.) is about 40 %, while about 
60 % of those with initial energy 2*4 x 10* V roach the end of their range. The presence 
of solid material oroxmd the chamber (including superincumbent building material) 
increases the fraction reaching the end of their range, and this is allowed for in the 
estimate quoted in the above text. 
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unless it is assumed that mry slow mesotrons are created as such by more 
energetic particles.] 

The work described in this paper was carried out at the University of 
Liverpool, and I wish to thank Professor J, Chadwick for suggestions and 
advice during its progress. I am also indebted to Mr E. Pickup and Mr 
G. R. Evans for their assistance in the work. 


Summary 

An account is given of a large Wilson cloud chamber, about 30 cm. deep 
and 30 cm. diameter. Such a chamber has a sensitive time of nearly half a 
second, and this, together with its large effective volume, makes it a very 
sensitive detector of weak radiations. The results of certain cosmic-ray 
observations made with this chamber are described. Counter-control was 
not used, the intrinsic efficiency of the chamber ensuring, on the average, 
at least one cosmic-ray track for photograph. In the absence of counter¬ 
control the photographs represent the true statistical distribution of diff erent 
cosmic-ray events. Results for the energy distribution of cosmic-ray 
particles below 3 x 10^ V are thus obtained, and also some indications of the 
relative frequency of showers and of slow penetrating particles (mesotrons). 
Certain details of earlier work by Williams and Pickup on heavily ionizing 
tracks, which provided evidence for mesotrons, are also given in this paper. 
Some of the photographs taken are reproduced. 
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Description op I*latb8 9, 10 
PI 4 ATBJ 9 

Pig, 3, a and 6 represent an electron pair. Energy of o sr 9 x 10 ’ V, of 6 2*4 x 10’. 

c is an electron track (energy 8 x 10 *) not associated with a and 6 . e is probably 
a mesotron track (energy 10* V). d andf are “ old tracks, probably of mesotrons 
(energy > 6 x 10« V). H = 2200 G. 

Fig. 4, a and b represent an electron pair (energies 6 x 10’ and 7 x 10’). d is probably 
an unassociated electron (energy 7 x 10’). 

Fig. 6 . a is probably a mesotron track (energy > 6 x 10 ®), and 6 an electron track 
produced by a (energy = l*5x 10 ’). c is an independent track, probably of a 
mesotron (energy > 4 x 10*). H = 1000 G- 

Fig. 6 . a, i», c, d, e, /, g are nearly parallel electron tracks, probably representing a 
portion of a more extensive shower. Energies > 10 * V. H ^ 600 G. 

Fig. 7. Shower of 8 tracks. 8 have energy < 3 x 10’, and 6 edergy > 3 x 10’. Gas is 
mixture of hydrogen and air. H = 200 G. 

Fig. 8. An old shower of 7 tracks. 6 are positive electrons with energy less than 
10 * V. 2 have energy > 10 * V, sign of charge imcertain. // = 2200 G, 

Fig. 9. Shows a secondary electron (energy = 2*5 x 10*) produced in the gas by a fast 
mesotron (energy > 3 x 10*). H = 1000 G. 

Fig. 10. Associated tracks of high energy. The tracks are practically straight, 
corresponding to an energy greater than 1*0 x 10 ® V, and probably greater than 
1-5 X 10® V. Stereoscopic reproduction showed that the tracks are in the same 
plane within the experimental error of about 0*3°. The angle between them in 
their own plane is 3®, corresponding to an intersection in the ceiling of the 
room about 1 m. above the chamber. 

Fig. 11. Track of a heavy particle which probably starts in the gas. 

Fxo. 12 . Example of occasional a^tracks produced in gas of ohamber. In this ease 
the particle passed through before the expansion, the positive and negative 
components being separated. Range about 4 cm. standard air and probably 
due to radon contamination**. 
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Figs. 13-16. Tracks providing evidence for existence of mesotrons (from earlier 
work of Williams and Pickup). Full details given in § 4. 

Fig. 16. Tracks of “slow** cosmic-ray proton. Energy 1*4 x 10’ V. Radius of curva¬ 
ture 5 = 460 cm. (H = 600 G.) About 8 tracks of slow protons were obaemred 
(with velocity less them 0 - 6 o). The total number of cosmic-ray tracks observed 
being about 2000 , it follows that slow protons constitute a fraction of the order 
of 0'004 of the total number. This is of the same order of magnitude os the 
relative number of alow protons observed by other workers using a csounter- 
oontrolled ohamber. This is to be expected since slow protons (v-^0‘4c) have 
sufficient range to operate the counter system (which is not generally the ease 
for slow mesotrons). It may be inferr^ firom tiae observed numb^ of slow 
protons that the majority of cosmic ray particles with energy below about 
6 X 10* volts are not protons. 
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The two-dimensional hydrodynamical theory of 
moving aerofoils. Ill 

By Rosa M. Morris, B.So. 

{Communicated by 0. L Taylor, F.R.S.—Received 17 March 1939) 

1 . In the previous papers of this series (Morris 1937 , 1938 ; referred to 
subsequently as and I have developed a general expression for 
the velocity potential of the two-dimensional fluid motion surrounding an 
infinite cylinder of general shape, moving in any manner perpendicular to 
its axis, in inviscid and incompressible fluid. From this expression I derived 
in “I the kinetic energy of the fluid when the circulation is zero and in the 
more general case the forces and couple on the cylinder, including also in 
"‘II ” the effect of a trail of vortices extending downstream from an assumed 
trailing edge at the rear of the cylinder. In a brief discussion at the end of 
** the general formulae obtained wei^ reduced for the case of an aerofoil 
of small thickness and small symmetrical camber, but using the particular 
hydrodynamical assumptions made by Wagner in his theory of accelerated 
motions; according to which the circulation associated with the trail is just 
sufficient to cancel the general circulation round the aerofoil. This was done 
in order to obtain comparison with the only previous attempt to calculate the 
effects of rotation and acceleration. 

In view of the difficulties inherent in any attempt to generalize Wagner’s 
theory and also of the fact that his fundamental assumption of zero total 
circulation probably holds, if at all, only at the beginning of the motion, it 
seemed advisable to divide the general discussion of the dynamics of the 
aerofoil into two stages. In the first of these, with which the present paper ia 
mainly concerned, the basis is that of the older general theory which omits 
the trailing wake and its effects altogether, but includes a circulation defined 
in terms of the velocity of the cylinder by the usual Joukowski condition at 
the trailing edge. In the second stage an independent effort is to be made to 
estimate the effect of various kinds of trailing vortices on the general motion 
of the aerofoil. 

We have therefore examined in some detail one case of the older general 
theory—^the Joukowski aerofoil—^where the expressions for the force and 
couple can be obtained in finite form and therefore to any desired degree of 
accuracy, so that their dependence on the thickness and camber can be 
defined* These results are then applied—following a suggestion kindly made 

[ 213 ] 
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to me by Professor G. I. Taylor—in the discussion of the important question 
of the stability of a simple rectilinear motion of the aerofoil* In a final 
paragraph we have attempted to derive the corresponding formulae for a 
special case of Wagner’s theory, replacing the trail by a single average vortex 
whose general effect is the same, but the results obtained serve only to 
emphasize the unsatisfactory nature of the assumptions underlying the 
theory and suggest a further investigation, which it is hoped will form the 
subject of a later communication, of the relative motion of the aerofoil and 
trailing vortices and its influence on the interaction between them. Pending 
this further investigation it seems useless attempting to develop in any 
further detail the general trail theory. 

2. When the cylinder cross-section is defined by the relation 

2 = ( 2 * 1 ) 

and the origin s = 0 is moving with velocity w ^ u + iv^ whilst the cylinder 
is rotating about its length with angular velocity oj, the components of the 
resultant force on the cylinder are determined in the notation of “I” and 
‘‘II by the formula 

Y + iX ^ - 7rpi{A w “ 2Bw — i(t>D} — npo){Aw ~ 2Sw — io)D} 

— 2 a„\ + pwK—pitjKa., ( 2 - 2 ) 

I n-2 I 

whilst the couple about the origin is 

JT = - npCti) — \ti pi{Dw — Dii>} + npi{Bw^—Bw^} — \np<i){Dw + Dw) 

-JpJt S {bn + Bj + lpK{aiW+diw}. (2-3) 
1 

In those formulae the constants A, B, 6 \ ... are defined in terms of the 
coefficients in the equation (2-1) of the cross-section curve by the equations 

00 

n—1 

00 

B = OflOj, C = S ”^nh> 

n—1 

00 

D “ 6iao+ s n5„o„+i, 

nwl 

00 

-D = 5iaj+ 2 «*«6n+i: 
n-1 


(2-4) 
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wherein 


2 


and bars over a complex quantity denote the conjugate quantity. 

The circulation K is defined in terms of the velocity of the cylinder by 
Joukowski’s condition for finite velocity at the trailing edge, which in our 
case gives 

~ == Yd (n—(2*5) 

n=0 

where we have used for the value of ^ at the sharp edge of the aerofoil: this 
is of course a singular point for the transformation z = 2 :{^), so that at this 
point z\Q = 0 or 

oo 

— Y (n^ = 0. 

The equation (2*5) can therefore be written in the form 


Y ( 2 * 6 ) 

Now relates to a point on the curve of cross-section of the aerofoil, so that 
it must be real. It follows then that 


This implies that S = 0- (2'7) 

n-l 

Separating the Joukowski condition in the form (2'6) into its real and 
imaginary parts we get 


— B ~ i(aQwe*^> — Onwe-^it) + i(o 2 n(6«e"*£‘ + 6„e~"*t<), (2-8) 

dn n-o 

S —=t 0. 

n-l 


The last equation is satisfied independently of (o on account of the condition 
(2*7), and therefore the Joukowski condition reduces to a single equation. 
Our surmise on p. 356 in *‘II is therefore wong. 
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3. The Joukowski aerofoil is defined by the transformation 

the origin being taken at the centre of the circle from which the aerofoil is 
transformed. This can be written in the form 


/,2 ao 

S (~ (3-2) 

a n-o a" 

so that Uq = a, «! = 0 , = b^/a^ 

and for w >2 «n = (-)"—-^a- 

a a®~® 

From these we deduce that 

a* + 6* —o®c* , _ —6% 

~ ~ a(a*-"c*) ’ 

where c® = «o 2 o, and for n > 1 

00 1,2 / ^SU;2 \ 

" rfo ' ' o’* ® r a*-c*| 

The area iS of the aerofoil section, which in the general ease is given by 


S 


00 


= -TT 2 («-!)«„«». 
»"0 


is in this case 


na 




b* 1 
(o*-c*)* ■ 


To determine the forces and couple we want the following constants: 


ttA = TT ©000+ 2 •««„+xa„+i = 2 na^-a, 

»-i ; 


B^b\ 



„ _ o* 6 *( 2 o*-c*) a*f>*c* 6 ®( 2 o*—c*)( 2 j + 28 ) 

^ ~ ■ (o*'^)^ (o* - c*)* ’ 

_ - 26% 0 * 6 % o« 6 ® 2 o 

“ o* _ c* (o* - c*)* (o» - c»y» ■ 
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We also want the values of 


«o+ S 


»-2 


6 * 

== «+ —T > 
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and 


2(6n + 5„) = - 
n—l 


a{a^ — c^) 


00 


+ S (- 



b^ 4 \zg -^ / 

a® — c V \ 


a3 + 





and also = — 6%/(a^ —c®). 

For the Joukowski condition we want 


^ n(6„c»<C«+5„e-’‘«<). 

n*** 1 

where is the value of ^ at the trailing edge. This is given by 

Zq + == - 6 , 

so that this expression can be reduced to 

oSTc* + *o) + 2§ + z 8 ] + 46* + 36(zo + s#) + 2c*. 

To the first order in * 0 , j/o sine© 

6 * = a* — 26*0 — c* = a*— 20 X 5 , 
these various constants reduce to 

S = 4n'axo; 

.4 = 2 o(o — 2 *„); 

jB = o(a — 2 xq), .4 = 2B; 

G = 2o®(a —4xo); 

D SB - 40**0 “ 2o*iyo, X>' = — 4a**®, D* = — 20*^®; 

«> 

«o+ S «n = 2o-3*®+iy®; 

tt **2 

S(^,+5„) =» 2o(o-4*®): 

n«l 

o® 6 i = -o*Zo, 

i »(6„e"<t< + 5„e-»*«<) - 4a*. 

n-"! 
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4. Inserting these values in the general expressions (2*2) and (2-3) for 
the complex force and the couple, and using /) = !>' + iJD'", we derive the 
following expressions 

X — Sfyu — 2np(d^ — b^) u 4- n/MbD*" — Spto^) + 27rp(a* -f h^) wv 

4- npoj^D' 4- lipXl -- —\ —pKv, (4*1) 

Y = Spv - 27rp{a^ — npmD' + Spom — 2np(a^ — 6®) o)u 

+ + (4-2) 

r ^ — npC(b-{- npD^u — npD'v — S i^n + 

7l«l 

-- ^npbHv — 7Tp(i){D'u 4- (4-3) 

Assuming the Joukowski condition at the trailing edge, we have seen that 
K must satisfy the equation 

K _ 

which reduces to 

K 

~ = 2«yo-2«(6 + a:o) 

+ i j ^ {i(Zo + Zo) + zg+zg} + 46* + 36(Zo + Zp) + 2c*J. 

To the first order in x^, y^, c, this condition reduces to 

^ = 2mW(, — 2av + 2o*<i>. (4*4) 

27T 

Using this value for K and also the first-order values of the constants, the 
expressions for the forces and couple on the aerofoil are 

X = inpayQ i - ^npa^Q (b — inpy^uv 

— BnpaZf,(i>v + 4:npav^—47rpa*XQUi*, (4‘6) 

Y = 4 :npa(a — Xq)v — SnpayQ u — Hnpa^ia —2*0) a» 

— 2npd^^ CO* -I- 4npyffU* — 4npauv 4itpa*<tm, (4*6) 
r « 67r/oo®(o - 4 * 0 ) <h — Qnpa^^ u + 4npa\a — 3 xq) v 

— 4rtpa{a — 2xo) uv + 4npah:^(m + 2npa^^<av. (4*7) 
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5, The usual theory giving the numerical details for the lift, drag and 
moment for an aerofoil moving in a uniform rectilinear motion, is of course 
based on a statical theory which assumes the aerofoil to be at rest in a uniform 
stream. It is however easy to show that our theory gives identical results 
even under more general circumstances than those usually adopted. 

Let us then first assume that the cylinder is moving forwards with a 
uniform velocity t/ at a finite angle of attack a. In such a case 

u = U cos a, u == -“ t7 sin a, w — V (5-1) 

and the angular velocity and all the accelerations are zero. The components 
of the force on the aerofoil thus reduce to 

X ^pXt/sina, Y =pJft7cosa, (5*2) 

whilst in the quite general case 

r = npi[Bw^^ Bw^). 

If = I B I this means that 

F = 27Tp \ B I (/‘'^sin 2(a + e). (5*3) 

The usual notation for the position of the trailing edge is such that — n—fi 
so that the Joukowski condition in the quite general case is 

^ (5*4) 

27T 

or taking real, which is always possible by pi^oper choice of axes, 

^ = 2(i^V sin (a+/?). 

The drag on the aerofoil is therefore zero, whilst the lift is 

L = Xsina+ Y cosa = pKV 

= 47r/9aot/*Bin(a+/ff), (6*6) 

and the moment round the centre is 

r - 2rr/3 I ii 11/* sin 2(a + e). (6-6) 

The centre of pressure, or the point on the “chord” where the single 
resultant of the pressures acts, is also readily determined as soon as we know 
the position of the chord. 
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These formulae are bo far quite general, being restricted only by the 
assumptions about the fluid motion which we have made. It is of course 
doubtful whether the hydrodynamical assumptions of simple circulation 
hold at large angles, even when we have, as in the Joukowski aerofoil, a well 
roxmded leading edge. 

6. For the Joukowski aerofoil we have 

i? = 62 , e = 0, ajj = a, 
and therefore L = 4 tnpaU^ sin (cc+fi), 

whilst r = 2 trpb^U^Qin 2a. 

The line of action of the resultant force is given by 

Zy-Fa + r-O, 

and with the origin at the centre of the circle as we have taken it, the chord 
is the line 3/ — —^0* The centre of pressure is therefore the point 

Vfi) = "^») • 

The distance of this centre along the chord from the trailing edge will be 

Xp + 26 + Xq == 26 + + {Xt/Q + F)! Y , 

6® a in a 

which is 2 b + Xo + ««tan a H —. (6' 1 ) 

” asm(«+/?) 

This increases as a increases, so that as the angle of attack is increased the 
centre of pressure moves forward. This is usually taken to imply an approach 
to instability of the aerofoil, but the problem of stability seems to be more 
involved because increasing angle of attack ipvolves the introduction of an 
angular velocity and changing circulation, so that all the terms in the lift, 
drag, and moment must be introduced. 

7 . The general question of longitudinal stability has been tackled in two 
different ways. There are first the general dynamical discussions originated 
by Lanohester (1906) and Bryan (1911) and continued and extended by 
Bairstow (1913, 1920) and others, Glauert (1927) and more recently B. M. 
Jones (1935). In these the hydrodynamical reactions—^reduced to a force 
with components X, Y and a couple jT—are assumed to be determinate 
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functions of the velocities of the moving aerofoil, so that for longitudinal 
stability discussions they may be expanded in the approximate forms 


X = Xpp-^- X^q-k- X^(i), 

r ^ Vpp’^-r^iOi 


(7-1) 


where p, w denote the small oscillatory deviations of the velocity compo¬ 
nents from their stationary values. The criterion for stability determined in 
the usual way from the equations of motion, can then be expressed in terms 
of known constants of the aerofoil and the coefficients Xq, X^, X^ etc. 

These discussions however, while they may be to some extent useful in an 
empirical sort of way, fall short of a complete theory as they provide no 
complete theoretical basis for the determination of the coefficients or any 
justification for the assumption that they represent the complete effect even 
under the most ideal conditions. Here however our discussion to some extent 
—but still incompletely—fills the gap. We have in fact from the general 
values in paragraph 2: 

y -f iX - ‘-'npi{Aw — 2Bw^iibD] — 7Tp(i){Aw--2,Bw-i(i)D} 



‘\-piwK — pi (i>Kai, 


~ npCd) — ^7rpi{Dw — Dw} + npi{Bw^ — Bw^} 


^\p(»){Dw-\-Dw}-\pR S + + 

n>*=l 

whilst according to the equation (2*8) 

K ^ 

27 r n»»'l 

If now we wish to discuss the stability of the uniform rectilinear motion 
Adth velocity V at an angle of attack a, we assume that the aerofoil is moving 
forward with a velocity V being the small part of the forward velocity 

which varies. We also suppose that there is small vertical oscillation q and 
small angular oscillation 6, and that jp, q and 6 are so small that we can 
neglect squares and products of them. We have then 

w = ({7+p)cosa— C/^sina + gsina, 

V «= —(17+p)sina—170 cos a+ ? cos a, 

w » 




222 


R* M. Morris 


The first two of these equations are equivalent to 

w ~ u + iv ^ {U + ** r7^)}e""*®, 

so that w = {p + i{q - U(o)} 

Adopting now a notation similar to that introduced in paragraph 5, using 
hoM^ever the general value of K given above, and retaining only first order 
terms in the small quantities p, q, < 0 , 6 , we have 

y -f tX = ~ 7 Tpi{Ae^°^{p — iq) — 2 Be"^^(p + iq — 2 iU oj) ~ Di(t)} 

— 4tnpk*a^{p sin — [q —IJio) cos (a + /5?) + k(j)j 2 ai^ 

-f 47r/)a^e^* C7{( 17 + 2p) sin {a^ P) — {q — IJO) 

-h 2npk(i}Ue^’^ — inpidia^ioU sin (a 4* fi), 
and r — — 7 TpC(b — inpi{De^(p — iq) — De~^^{p + iq)} 

’^ 7 rpi{(U^-^ 2 Up) 2 iU{q — Vd) 

- 2 npa(, 2 iK + ^n) {P si” (ct+fi)-(q-U w) cos («+/?) + fc w/2ap} 

n — l 

— 27r/sao U{{U + 2 p) sin (a + /?) (Oie'“ + e-^) 

— {q—Ud) c^*(OiC<“+^^ + 

where k ^ \ 'Z (-)"n{6„e-’“'^ + S„e’*<'’}: k' - do+ S «»• 

“n^O n’«2 

These expressions determine, under the ideal conditions we have assumed, 
exact values for all the coefficients Xj,, X^, but they show at once that 
the simple values (7*1) are far from giving a complete account of the reaction 
involved. Our expressions for X, T, B involve in fact not only all the terms 
shown in (7-1) but also terms in the accelerations of the type X^p and also, 
what is more important perhaps, terms in the angular displacement of the 
type X 06 . In his discussion B. M, Jones realizes that the simpler relations 
are incomplete in so far as the acceleration terms are concerned, and he 
endeavours to remedy this defect as regards the moment equation and its 
dependence on q, but as in all previous discussions very little more than a 
general idea that the component must exist is advanced as a reason for its 
inclusion. That such a procedure is not always free from criticism can be 
seen from our form of this particular term. Using Z) * | i) (e** and 

* 2 i: (6„+5j, 

n«*l 
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our analysis shows in fact that 

/Jj « "-7rp{| i5 j cos (a-f <y) —^cos (a + /?)), 
whilst the term in p, which is neglected, has a coefficient 
= 7 Tp{\D\ 6in(a4-^)-i?8in(a+y?)}» 

These are of the same order of magnitude unless the angle of attack a and 
the angle ^ are both small. 

Our general form of the approximate relations of course render the 
discussion of the stability problem much more complicated, and for the 
present we shall content ourselves with two comparatively simple cases. In 
the first of these the aerofoil will be assumed to be a flat plate, and in the 
second a first approximation to the nearly flat Joukowski aerofoil for which 
we now have the values of the coefficients concerned. 

8. We therefore examine in some detail the general problem of the 
stability of the previous uniform rectilinear motion, but restricting ourselves 
first to the simplest approximation obtained by assuming that the aerofoil is 
a flat plate. Taking all quantities per unit length of the plate, the general 
equations of motion are of the form 

M{n — (ji)v-ya<b-XQ(i)^) ~ X-f (8*1) 

+ lou + Xq ib — yg ufl) ( 8 ' 2 ) 

4*-T'-h Xt/^ — Yxg, (^’3) 

Here M is the mass, (%, yo) the co-ordinates of the centroid and Iq the 
moment of inertia of the plate about the centroid. Xj, and Oq are the 
external forces and couple acting on the plate—provided by the propellers, 
steering and gravity—whilst X, 7, F are the hydrodynamic forces deter¬ 
mined above. In the case of the flat plate these reduce to 

X = 47rpav®, 

Y = inpuH — STrpa^ib — 4npauv -I- 4npa^o)u, 
r ^ ^ Qnpa^tb -f inpa^ - 4npa^uv. 

Inserting in these expressions the values of u and v given in the previous 
paragraph, we find at once that 

X^ * X^ = X^ = 0; 

Xp =« BnpaU sin“a; X^^ « - 47rpaJ7sin2a; X^ == 0; 

X^ =» 4:7rpaU^&m 2a; Xq « 4npaU^sin^a; 


Vol. 172 . A. 
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whilst 

= “ 47r/>a® sin a; ^npa^ oo&a; = — Snpa^; 

= SnpaU sina oosa; = ’-4:npaU cos2a; == 0 

F^ = inpalP cos 2a; Yq = 47r/9at7*sin a cos a; ; 

and similarly 

Fj) = — 47r/>a®sina; = 4npa^ cos a; F,;, = — 67r/>a*; 

= ^npa^U sin 2a; = — 47r/>a* U cos 2a; — — 4:npa^U cos a ; 

Fff = <^7Tpa^U cos 2a; T^q = 47r/>a*?7*sina cos a. 

It is probably, however, simpler at the moment to interpret our equations 
directly without introducing these coefficients. Doing this the equations 
(8’1), (8»2) and (8^3) become 

M(u — (ov — yQ(b--XQ(.o^) = 4:7rpav^ + (8’4) 

(if — 47rpa^) {v + (mi) + Mxq (b + 87rpa*w — ify^ = “ 47rpawt? + F^, (8-5) 

{Iq + OTrpa*) (b - Snpa^XQ (b — inpa^a — Xq) v 

-Oq — 4:npa{a — Xq) uv -f ^npaya - inpa^Xg om, (8*6) 

or with the special values of «, v and using D for the o})erator djdt these 
reduce to 

{M QmaD — %npaU sin^ a) ;p-f-(if sin a D 4-47rpaf/ sin 2a) g 

— (MyQD^-\-4^npaU^mxi2(x)6 — 4knpaJJ^B\xi^a — Xx = 0, 

{{if — 47rpa®) sin a D + 4mpaU sin 2a}^ 

— {(if — 4npa!^) cos aD-f 47r/)af/ cos 2a}g 

— {{Mxq -f 87r/9a*) D* - ^npaU^ cos 2a} 6 

H>4rrpat/®8ina cosa + Fi = 0, (8*7) 

{^npa^{a — Xg) sin a D — 4‘npa(a — Xg) t/ sin 2a — ^npayg U sin® a) p 
- {47rpa®(a - a^r) cos a D - 47rf)a{a ~ Xg) U cos 2a - ^npayg U sin 2a} q 
+ {(fo + O/rpa* - Snpa^Xg) D® + 47 rpa^ Uoo&ocD 
- 47rpa(a - Xg) cos 2a - ^npayg t/® sin 2a} 6 

— Og “ 47Tpa{a — a?^;) C7® sin a cos a — 4npayg f/® sin® a == 0, ^ 

and in these equations, following the usual practice, the finite terms are 
assumed to balance among themselves. 
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9. If now we write 

Jf' = M — 

r ^ Iq A- 67r/)a* — STrpa^x^, 

^ — IQn^O, 

the solution of the above equation for d is 

d - SeM, 

where 0 is a constant and A is a root of an equation which can be written 
in the form 

{a'*b-‘ab'*)(a'c-acf) — {a*b — ab'){a''c — ad*) == 0. (9*1) 

In this equation the expressions a, 6, c, a\ b\ c\ a'", ft'", d* are defined by the 
following relations 

a — JlfAcosa —STT/xit/sin^a; 

6 s= ilfA sin a + ^npalJ sin 2a; 
c — {MygA^ + ArtpalJ^ sin 2a); 
a' —(M*X^ma^4arfxiU sin2a); 
h* s® M*A cos a -f ^npaU cos 2a; 
c' = (ilf% + 87r/[>a®)A®-~47r/oa[/*oos2a; 

a*" = ^npa\a — Xq) A sin a — 47r/>a{a — Xq) U sin 2a — Hnpat/Q U sin^ a; 

6 '^ « — {47rpa*(a - Xg) A cos a - ^npa{a — Xq) U cos 2a — impay^ U sin 2a} ; 
d* = /'A* -f ^npaHlX cos a 4* — 4mpa(a — Xq) cos 2a 

- ^npayg sin 2a. 

l?or our purpose it is more convenient to write the equation for A in the form’'* 

c^ia^b — a6') 4- a''(6'c — be') 4- 6''(ac' — a'c) 0. (9*2) 

♦ In transforming the equation (91) to (9*2) we have rejected a factor a = 0. In 
reality this means that the biquadratic equation (9*2) should really be a quintic and 
then there is always a positive real root 

A = SnpaU sin* a/M cos a. 

lliis value of A is always very small in practice, but it means that, at least at high 
speeds, there is always a small element of instability in the motions: this probably 
merely means either that the approximations adopted are not entirely satisfactory 
or that the theory really requires the viscous drag to account completely for stability 
under otherwise suitable conditions. Any drag additional to that included above 
would of course tend to oounterbalanoe this instability and even a term due to a 
trailing wake might be sufficient. 


tyz 
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Before attempting to solve this equation, or to express the condition for 
the reality of the roots, which is what we are really after, we must notice 
that under the conditions of practical aerodynamics it will simplify con¬ 
siderably. In fact the value of pall will always in practice be numerically 
much smaller than the value of so that each bracket in (9*2) is of the 
same order. But then since a" and b'* are both very small compared with c" 
we assume that the last two terms are completely negligible compared with 
the first. The equation (9'2) then reduces simply to 

/'A® -h ^nXpa^ ?7 cos a + — 47r/xi{a - Xa) IP cos 2a — ^npayg sin 2a = 0. 

(9*3) 

This reduction of course is equivalent to the usual extraction of the main 
root of the usual biquadratic period equation obtained in these discussions, 
the root which corresponds to what is called the phugoid oscillation of the 
aerofoil. 

Physically our approximations seem to imply that it is the rotational 
terms that are the governing factors in the stability. If the motion is to be 
stable the values of A given by equation 9*3 must of course be complex. This 
means that 


—47rpa(a —t7*co82a —47rpay(j?7®8in2a]> 167rV®a*t7*ooB*a, 


or 


1q n^jU^> ^npa{a - Xq) cob 2a-h ^Ttpay^ sin 2a-f 


167r^/>%®oo8®a ^ 
1q + Ott/xx® - %7Tpa^XQ' 


(9*4) 


The last term on the right-hand side is very small compared with the 
remaining terms and we can therefore say that the condition for stability is 
simply 

IqU^IU^ > 47r/>a(a - x^^) cos 2a + ^npayg sin 2a. (9*5) 

An important point to notice is that we have now a single criterion for 
stability. When there is oscillation the exponential factor in the amplitude 
of the harmonic oscillation which is 


exp [ - 27rpa^ Vt cos ajF] 

always represents a decay; in the discussions based on the incomplete 
equations this factor may under certain conditions represent an increasing 
amplitude and this is interpreted as implying instability as much as does a 
pure exponential solution. 
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We can now see in what manner the position of the centre of gravity will 
affect the stability, and also whether the position of the centre of pressure 
in any way influenoes it. From the expression in paragraph 6 for the 
position of the centre of pressure, we see that for a flat plate it is at the point 
a; =a a, and remains unaltered whatever the angle of attack. If a<7r/4 so 
that cos 2a and sin 2a are both positive, then as the centre of gravity moves 
forward the first term on the right-hand side decreases, and when the centre 
of gravity is in front of the centre of pressure it becomes negative. It appears 
then that the further forward the centre of gravity, the greater the stability. 
This may however only be true up to a certain point because we must 
remember that the term I wfil depend on the position of the centre 
of gravity, being the moment of the external forces about the 

centre of gravity, so that as Xq increases IqU^ will decrease and thus the 
possibility of stability will decrease. The second term on the right-hand side 
indicates that the lower the centre of gravity the greater the stability. We 
notice also that if is positive the stability increases as the angle of attack 
decreases from zero. 

10. Having reduced the equation for A in the case of the flat plate to the 
comparatively simple form above, we now turn to the question of the stabi¬ 
lity of the thin aerofoil, to see in what manner the thickness and camber may 
influence the stability. To work out the equations from the l>eginning would 
be much too tedious, especially considering the fact that we ultimately only 
take very approximate forms. By tracing back the terms remaining in the 
period equation (8-3), we notice that it is only necessary to calculate the 6 
term in the last equation of motion. That is, w^e want the 6 term in the 
equation 

I a ~ Y Xq^ 

where now 


X = 47r/?ayo v — i^^Tpa^yQ <b — ^npy^ uv 

— Snpax^ (iW -f- 4npav^ — 47rpa^XQ w®, 

Y = 4npa{a - v - SnpayQ u — Hnpa^a - 2Xq) 6> 

“ -f 4npyQU^ -* 47rfxiuv -f 4npa^ o)Uy 

r = 67rpa®(a — 4xq) (b - 47r/)a^o u -h 4npa^{a - 3xq) v 


— 4npa{a — w + 47rpa^XQa)u + 2npa^f^ mv, 
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where u,v, u) have the same values as for the flat plate. The equation lor A is 
then 

{la + Qnpa^a — Ax^) + ^npa^ygya — Bnpa*{a — 2 *^) Xq} A* 

— [inpa^g U sin a + inpa^a — Sxp) U cos a — inpay„ya U cos a 

+ Snpax^ya 17 sin a — in/Mx^Xa U cos a — Snpay^Xa 17 sin a} A 
+ {Iq n* — inpa[a — Sa;,,) 17* cos 2a — inpy^^yg 17 ® cos 2 a 

— in pay a 17 ® sin 2a — inpy^Xg 17 * sin 2 a + inpaxg 17 * cos 2 a} = 0, 
and the condition for stability is therefore simply 

I a n^jU^ > inp{a(a — Sx„-Xa) + yoya) cos 2a + inp{ayg + y^^Xg} sin. 2a. 

The camber of the aerofoil depends on the value of yo a^^d therefore we see 
that an increase in camber means a reduction in stability in all oases. The 
thickness of the aerofoil depends on the value of Xg so that if we assume that 
the actual mass of the body is so great that the position of the centre of 
gravity is not appreciably changed by increasing the thickness of the fore- 
end of the wing-section, then an increase of thickness or bluntness of the 
fore-end means an increase of the stability. If, however, as Xg increases Xg 
also increases, then, unless a is very small so that sin 2a is very smcdl, the last 
term on the right-hand side will represent an influence for decreasing stabi¬ 
lity, although it may not even then override the influence of the first term. 

These results agree with those obtained by other writers, although gene¬ 
rally speaking they are much more precise than those obtained previously. 
Qlauert (1919), in a discussion of the stability of the phugoid oscillation, 
concludes that stability can be most easily secured by a forward movement 
of the centre of gravity relative to the wing structure, and later (1929) he 
states more precisely in relation to a hinged aerofoil that for a hinged position 
further forward than 0*25 of the chord, the damping moment changes sign 
at very low frequencies and the oscillation of the aerofoil will be maintained 
by an unstable damping moment. 

Later Higgins (1934), concludes that satisfactory stability usually occurs 
when the centre of gravity is between 26 and 20 % of the chord from the 
leading edge, and that given two aeroplanes of like characteristics at high 
speeds, the low wing aeroplane with its high centre of gravity would be less 
stable, and the high wing aeroplane too stable at low speeds. 

The range of variation shown by these results seems to emphasize our 
point that the critical point for stability is not the centre of pressure on the 
wing (except in the flat plate), although it is a point near this centre. Too 
close an analogy between our precise results and those obtained in the 
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previous general dynaznical discussions cannot however be expected because 
while we have been able to generalize the previous discussions in certain 
directions we have not yet been able to include the effect of the viscous 
drag which is included m the empirical coefficients of the dynamical theory. 
There are however indications that it may still be possible to generalize out 
theory in this direction, but such generalization would take us too far from 
our path at the moment. 

11. When the above discussion was completed it was hoped to be able to 
carry it through also on the basis of Wagner’s theory, in a simplified and 
tractable form. Assuming that the aerofoil is the simple flat plate and that 
the trail of vortices from the back edge can be replaced by a single average 
vortex with the same effect, we can of course use the results of “ II ” to deduce 
the forces. If the circulation round the plate is K and the strength of the 
vortex — Kf so that the total circulation is zero, then the expressions for the 
force and couple assume in the general case the following forms: 

y + iJT = — npi{Aw — 2Ew — i(bD} — 7Tp(i}{Aw — 2Bw icoD) 

+ pidf, + pittf, o)K (e*?* — (11*1) 

r — npC<i) — l7Tpi{Dw—Bw) + npi{Bw^ — Bw*) 

-\np(i){Dw + Dw} + \p& S + —5„) 

n»l 

— ^pa^Kwie^^^* — — ^paQK}v{e^^'f — (11‘2) 

wherein — z(^g) is the position of the representative vortex, and the con¬ 
stants A, have the same values as before. In the case of the flat plate 
these reduce to 

Y -h iX = — ^npaH -f ^npaH(i)v — 2paR + pR{Zg —-f ae^^»} 

piaK{^ge^^» — piao)K(e^^f> - (11-3) 

r = — 2npa^(b — Anpahiv—pa^R + ipa^R 

- ipK [I ( 2 .Zg) - 2ia%e«t. - 

+ ^pawK(e-<i> - - ipawK(e<^ - e«-). 


( 11 - 4 ) 
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It is, however, impossible to make further progress with these formulae 
owing to our ignorance of the motion of the vortex itself. In Wagner’s 
discussion the vortices, once they are shed are assumed to remain at rest, 
and the theory then assumes a definite form with 

But the difficulty about this assumption is that we know that a vortex 
near a cylinder does not remain at rest; if it is close to the cylinder it moves in 
fact very fast. When it is at a distance from the cylinder it can of course 
remain stationary but only because the reaction between it and the cylinder 
is negligible. Before therefore we can make any progress on these lines it 
seems necessary to examine in some detail the actual motion of the vortices 
in the neighbourhood of the cylinder, so that we can allow properly for these 
motions in the forces they exert on the cylinder. Such an investigation will, 
it is hoped, form the subject of a further communication on this subject. 


Summary 

This paper follows two previous ones on the general hydrod 3 mamical 
problem of the two-dimensional motion of a cylinder in inviscid incompres¬ 
sible fluid. The general formulae obtained in these papers are here reduced 
for the special case of the Joukowski aerofoil, where the coefficients assume 
simple finite forms. The formulae obtained are then applied to a determina¬ 
tion of the lift, moment and centre of pressure in uniform rectilinear motion, 
and also to a discussion of the dynamics of the small oscillation about such 
rectilinear motion. A simple condition is then obtained for the stability of 
this rectilinear motion, showing the effects of thickness, camber and angle 
of attack on this important property of the aerofoil. 
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[Plates 11-14J 

In recent X-ray work on the structure of a metal after cold-working 
(Wood 1935 ), and similarly after fatigue stressing (Gough and Wood 1936 ), 
it was shown that when a metal consisting of annealed perfect grains 
received any permanent deformation, then the grains were dispersed into 
crystallites with orientations departing widely from the crystallographic 
orientations of the parent grains. It is possible to set an upper limit to 
the size of the crystallites in the following manner. With the back- 
reflexion technique as used in the work, the X-ray photograph of a 
stationary annealed specimen shows isolated clear-cut reflexion spots which 
lie on the diffraction rings corresponding to the Bragg reflexion angles. 
Deformation of the metal causes the spots to extend into continuous arcs 
owing to the increase in number of independently reflecting units produced 
with various orientations in the reflecting volume. It can be shown, by 
calibrating for known grain sizes, that the formation of a continuous line 
by multiplication and coalescence of the reflexion spots in this way requires 
an increase in number which can only be brought about by a decrease in 
size of the units to about 10 -^ cm. The co'vtinuity of the diffraction arc 
indicates therefore that the crystallites must be less than about 10 cm. 
It is then possible to set a lower limit to the crystallite size from con¬ 
sideration of the Scherrer effect by which the radial breadth of the con¬ 
tinuous diffraction arc depends on the particle size according to a formula 
of the ty|)e SB *= 0'9A/< cos 6 , where SB is the increase in breadth due to the 
fine-grain effect, t the linear particle size, and 6 the reflexion angle. The effect 
becomes appreciable only when the particle size is less than 10 "^ cm.; thus 
in the present experiments a barely noticeable increase in width of 0*1 mm. 
on the photographic plate would occur in the (420) ring of aluminium, 
using cobalt ^-radiation, if the crystallite size decreased to 0*8 x 10 *^ cm.; 
but the breadth would increase by about 1 mm. at 10 “^ cm. and by 1 cm. 
at 10 “^ crystallite size, thus constituting a sensitive indication of any 
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reduction in size below the value of 10 ”^ cm. fixed as upper limit* It is 
found, however, that the broadening of the diffraction line produced by 
the breakdown of the grains under progressive deformation of a metal 
never exceeds a definite maximum. On these grounds, the author has 
pointed out that the limited broadening, whether due to the fine-grain 
effect or the alternative possibility of lattice distortion or any other cause, 
automatically sets a lower limit to the size of the crystallites formed on 
deformation; also, that the striking contrast on the one hand between the 
ease with which the grains are dispersed into crystallites immediately after 
deformation and, on the other, the subsequent impossibility, even after 
the most severe deformation, of breaking them down below about 10 "® cm., 
the value corresponding to the order of maximum line-broadening observed, 
indicates that the crystallite must be regarded as a fundamental unit of 
the metallic grain. 

The present work brings out the foDowing new observations in connexion 
with the line-broadening effect and the lattice dimensions of the metal. 
Taking as example copper, for which the line-broadening is particularly 
well marked, it is shown that the diffraction rings broaden to a definite 
maximum, and then on further working diminish in width to an equally 
characteristic minimum. At the same time, the lattice dimensions of the 
crystallites change, having an expanded value when the diffraction ring 
is most diffuse and a contracted value when the line breadth decreases* 
Moreover, the expanded value is greater and the contracted value is less 
than what may be termed the standard lattice parameter provided by the 
large perfect grains of the normal annealed state. The crystalline condition 
of the cold-worked metal is therefore marked by two extremes: (a) a 
comparatively stable state which is characterized by a contracted lattice 
and a certain line broadening, and ( 6 ) a less stable state (since it is upset 
by continued deformation), characterized by an expanded lattice and an 
abnormally diffuse line breadth. This latter state therefore throws some 
light on the nature and extent of the distortion which can be transmitted 
to and retained by the metallic lattice during overall deformation of a 
specimen. Also the comparative instability of this state explains the well- 
known phenomenon that it is possible largely to recover the original 
hardness, tensile or fatigue properties of a deformed metal by mild heat 
treatment at temperatures much below those required to renew the 
properties by reorystallization through annealing (Gough 1924 ). The 
reversion from ( 6 ) to (a) is therefore referred to as “recovery*’, being 
associated with the removal only of the observed internal strains from the 
lattice, and being thereby distinguished from reorystallization which 



Changes in crystalline structure ^ 233 

proceeds by the reconstitution of new grains. Finally, since the lattice 
distortion is accompanied by expansion of the lattice^ the recovered state 
with its contracted lattice must give the amount of residual line broadening 
due only to the Scherrer effect and therefore the corresponding lower limit 
of the crystallite size. Although major importance is attached to these 
expansion and recovery effects, in view of the association of lattice 
distortion with structure-sensitive physical properties, the observed con¬ 
traction of the lattice is itself of some interest in apparently indicating 
that the surface atomic layers must be taken into account in X-ray work 
on fine grains. In large crystals, the surface normally plays no part in 
X-ray observations, but in the crystallites of to cm. size the 
surface layers begin to form an appreciable proportion of the whole 
volume, presumably exerting a surface tension analogous to the effects 
calculated by Lennard-Jones for ionic lattices. 

Measurements of the above changes are given for the reasonably ductile 
metals Cu, Ag, Ni, Al, Mo and Fe in a condition of high purity. At the 
same time the results of a determination of the lower limiting crystallite 
size are recorded. 


1. Copper (PUBITY 99-999 %) 

Specimens were machined to approximately 3 cm. long and rectangular 
cross-section 0-6 x 0-3 mm., and then annealed in vacuo until the grains 
were about 10“^ to 10~2 cm. in size and gave quite sharp reflexion spots. 
After etching they were cold-rolled into strip and X-rayed after every 
1 % reduction up to 10 % (reckoned on the original thickness) and then 
after every 6% approximately up to 99%. The rolling process was 
preferred because the flat surface of the strip lends itself most easily to 
accurate comparison of line breadth and lattice spacings, but drawing into 
wire and extrusion give the same effects. 

The specimens were examined in a back-reflexion spectrometer designed 
for precision work of this type. The incident beam passes through a hole 
in the centre of a flat film and is diffracted backwards, forming full circles 
concentric with the beam. Photographs were taken with the specimen 
stationary, its surface perpendicular to the beam, also when oscillating 
± 10° about that position. The point of the method is that the diameter 
of the diffraction ring at the large diffraction angles involved is most 
sensitive to small changes in lattice spacing, whilst at the same time least 
sensitive to slight differences in distance of specimen to film. Also the 
variation of line breadth with particle size is greatest for large values of 



234 


W. A. Wood 


These breadths, B, were measured by a Moll microphotometer* The 
minimum breadth, due to the finite slit system and the arrangement 
of the apparatus, was taken as that given by the annealed specimens 
photographed under the same conditions, the specimens being oscillated 
to give the continuous line necessary for measurements; this minimum 
was also checked by photographs of specimens of ZnO and ZnS obtained 
with a particle size just small enough to give continuous lines. The difference 
i?— jBo then gave the increase SB to be substituted in the Scherrer formula, 
this procedure being considered accurate enough in view of the assumptions 
implicit in the deduction of the formulae of this type. 

First, typical photographs are reproduced in order to illustrate the 
order of the effects referred to above, and then the quantitative results 
are summarized. 

(i) Expansion effect. Fig. 1 (Plate 11) of the annealed state shows the 
separate sharp reflexion spots of the initially largo perfect grains. Fig. 2 
(Plate 11), taken after 4% reduction, shows the transition to continuous 
arcs and the beginnings of diffusion, indicating the onset of the crystallite 
formation; the inner ring is the (400) doublet and the outer single ring 
the (331) yS. Fig. 3 (Plate 11), after 80% reduction, shows the diffraction 
rings in the abnormally diffuse condition and also the increase in diameter 
of the inner ring. The reflexion angle 6 is 83-2'^ for the inner (400) ring 
(cobalt iC-radiation being used), and 77*7° for the outer (331) ring. The 
difference in these values of 0 is sufficient to render the diameter of the 
(400) ring much more sensitive than the (331) to a lattice change; therefore, 
when such changes occur, the distance between the two rings should 
decrease. This relative shift of the two rings is clearly demonstrated by 
comparison with the preceding fig. 2, despite the difference in diffusion of 
the rings in the two cases. Fig. 3 is interesting because there is no source 
of experimental movement that would produce the same effect. Moreover, 
the bodily shift of the (400) ring serves to demonstrate that the internal 
strain or distortion which can be imposed on the lattice is of the nature 
of an expansion, for the ring is made up of reflexions from the three 
mutually perpendicular (400), (040) and (004) planes, and all these 
directions must have increased. 

(ii) Recovery effect. Fig. 4 (Plate 11) shows the diffraction rings after 
the same specimen has been reduced further in thickness to 86%. The 
photograph shows directly that the diameter of the (400) ring has con¬ 
tracted and at the same time the radial diffusion of the rings has decreased. 
The further deformation has removed the previous expansion from the 
lattice, thus producing recovery without recrystallization. The abnormal 



Changes in crystalline structure 


236 


diffusion associated with the expansion effect is attributed to irregularities 
in such expansion and not to any appreciable further breakdown of the 
crystallites: otherwise, on recovery, it would be difficult to explain why 
the crystallites should again increase in size to the arbitrary value corre¬ 
sponding to the characteristic line breadth of the recovered state. After 
the initial changes accompanying breakdown, the diffusion and expansion 
effect reached a maximum after about 8% reduction, being followed by 
a recovery at 10%; the processes then alternated as the deformation of 
the specimen continued. The line breadth decreased to the same value 
during each recovery; it is therefore reasonable to conclude that this 
residual broadening is due to the fine-grain effect only, and affords a 
measure of the lower limiting crystallite size. 

Finally, a comparison is shown between the lattice spacing of the 
recovered state and the initial condition. For this purpose, the photograph 
of the latter shows the diffraction rings as continuous lines obtained by 
oscillation of the specimens in order that the position of the diffraction 
spots should be measurable and represent the true diffraction angle. The 
initial condition is given in fig. 6a and the recovered in fig. 56 (Plate 11), 
and the shift is shown relative to the calibration edges A, B which corre¬ 
spond to the edges A, JB of the preceding photographs, the fig. 6 having 
been enlarged (approximately 2*8 times) to bring out the effect. The 
relative movement is clearly visible despite the diffused ajag doublet in 
the recovered state, and is in the direction corresponding to contraction 
of the lattice. 

(iii) Quantitative measurements. As shown by the photographs repro¬ 
duced, the magnitude of the observed shifts of the rings is of such an 
order that the diffusion effects do not interfere with a reasonably accurate 
determination of the corresponding lattice changes. The absolute value of 
the unit cell of the initial annealed material was measured at the same 
time, but major importance is attached to the deviations from this value 
since they are relative changes occurring under fixed experimental con¬ 
ditions and therefore measurable with greater accuracy. The contraction 
effect is reckoned from the initial normal spacing, but the expansion given 
below is the change reckoned from the spacing of the recovered state since 
that change represents the total amount of internal strain which can be 
imposed on the lattice. 

Lattice spacing of the annealed copper ... 3*608^ x 10“® cm. 

Maximum contraction in recovered state ... 0*06 % 

Maximum expansion in distorted state ... 0*27 % 

Lower limiting crystallite size. 0*7 x ID'** cm. 
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2. Silver (PURITY 99*999%) 

The changes in copper have been described in some detail so that for 
the remaining metals it is necessary only to summarize the results, whilst 
merely drawing attention to outstanding peculiarities. 

For silver, measurements were made on the (331) and (420) rings using 
cobalt X-radiation, and on the (422) ring using nickel X-radiation. Figs. Oa 
and b (Plate 12), after 65 and 70% reduction respectively, illustrate first 
the distortion and then the recovery after continued working. The rings 
are matched along a diameter to show the difference caused by the 
variation in lattice spacing; at the same time, the improvement in resolu¬ 
tion is shown by the fact that the doublets, which are not resolved 
in fig. 6a, are however definitely discernible in fig. 65, Up to about 70% 
reduction, in these experiments, the changes observed in the silver were 
similar to those described for copper, the recovered state being apparently 
stable at room temperature. But after heavier deformation recovery from 
the distorted state becomes more violent and complete recrystallization 
is observed. This is shown by a specimen after 90 % reduction, which gave 
a photograph similar to fig. 6a immediately after rolling, but after standing 
at room temperature for about a week gave the completely different type 
reproduced in fig. 7a, Plate 12 (fig. 76 is the initial annealed state for 
comparison). This type of recovery thus results in recrystallization to an 
imi^erfeotly annealed condition. After further deformation, the re- 
orystallization occurred spontaneously on rolling and the corresponding 
X-ray photographs then showed the reflexion spots from the fresh grains 
superposed on continuous rings. This marked tendency for recrystallization 
probably explains why, as indicated below, the magnitude of the observed 
expansion effect is much less for silver than for copper. The results of the 
measurements were os follows: 


Lattice spacing of the annealed silver ... 
Maximum contraction in recovered state 
Maximum expansion in distorted state 
Lower limiting crystallite size. 


4-077»xl0“« cm. 
0-03% 

0*04,% 

0*8 X 10“» cm. 


3. Nickel (purity 99*97 %) 

For nickel, the degree of line broadening was definitely less than in the 
preceding oases; otherwise the changes are similar to those obs^ed 
for copper and call for no special comment. The measuremenW-^re 
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made on the (420) ring using copper -radiation and are summarized 
below: 

Lattice spacing of the annealed nickel ... x 10 ~* cm. 

Maximum contraction in recovered stat/O ... 0*07 % 

Maximum expansion in distorted state ... 0-13 % 

Lower limiting crystallite size ... ... ... L 2 xl 0 "®cm. 

# 

4. AuTMiNitTM (eimiTy 99*99%) 

Pure aluminium is known to be spontaiieously self-recovering during 
cold working, and for this reason was found not to exhibit the changes 
described for the copper and silver. Dehlinger first showed that the line¬ 
broadening effect was negligible for aluminium (Dehlinger 1930 ), and 
concluded that no lattice distortion was produced on deformation. At the 
same time it is found that the metal exhibits the formation of continuous 
arcs from the diffraction spots of the annealed state. Therefore, in the 
present view, the absence of the line broadening means that the upper 
and lower limits approach and narrow down the crystallite size very 
definitely to about 10 '^ cm. The main point of interest noted in the 
aluminium was in connexion with the angular spread of the orientations 
of the crystallites. In the commercially pure metal, the continued de¬ 
formation produces a completely random orientation which is then 
followed, after severe working, by the formation of a “fibre structure” 
brought about by the assumption of a preferred orientation of the 
crystallites relative to some axis in the specimen. In the very pure metal 
examined this process did not occur, as shown by the photographs re¬ 
produced. Fig, 8 (Plate 13), from a particularly large-grained specimen 
after 6 % reduction, shows the formation of diffractibn arcs from the usual 
diffraction spots characterizing the initial state; the photograph shows a 
maximum of intensity on the arc, indicating that the majority of the 
crystallites do not depart widely in orientation from the parent grain. 
Now fig, 9 (Plate 13), after 99*6% reduction, shows that even after this 
severe working the crystallites are never oriented completely at random. 
The intensity maxima in this case are not due to a “fibre structure” since 
they are found to be differently placed when a photograph is taken from 
another point on the same surface of the specimen; also the effect is 
observed at each intermediate stage in reduction. In the pure metal 
therefore it is not possible to impose any appreciable cold-work effects, 
not even to the extent of first producing the random distribution of 
crystallites. 



5. MoLYBDEiinm (prarnr 09*9fi%) 

Measurements were made on the ( 321 ) ring using nickel J^-radiation. 
Compared with Ou, .Ag and Ni, the degree of line broadening is snudl, 
although the observed lattice changes are of the same order. With those 
metals it was possible definitely to say that when the diffiraction ring 
became abnormally diffuse then the lattice expanded, #nd vice vena, but 
this is not so obvious in the case of molybdenum owing to the smaller 
line broadening, and consequently it is not possible to conclude directly 
that the expansion from the standard spacing marks the distorted state 
and the contraction the recovered state, especially since the changes occur 
quickly on deformation. Figs. 10a and 6 (Plate 13 ), taken after 1 and 6% 
reduction respectively show the order of the difference between the two 
extremes, the former being in excess of the standard spacing of the 
annealed initial state and the latter below. These photographs were taken 
using a slit instead of a pinhole source during oscillation of the specimen 
so that the ring is in focus only along the diameter perpendicular to the 
slit, although the whole ring was photographed; the photographs are cut 
along this diameter and the difiraction rings are matched at one end to 
illustrate the displacement at the other. The slit covers a larger surface 
of the specimen and by its use, it is shown that the effects observed are 
not purely local. Fig. 106 also shows the order of the maximum radial 
diffusion of the lines, there being little change on further deformation of 
the metal. Since the lattice changes occur without appreciable variation 
in definition of the line, it is reasonable to conclude that the actual 
broadening which is observed is due only to the Scherrer effect. The 
measurements were as follows: 


Lattice spacing of the annealed molybdenum ... 

Maximum contraction . 

Maximum expansion from contracted state ... 
Lower limiting crystallite size. 


3 * 140 , X 10 “* cm. 
0 * 06 % 

0 * 10 % 

2*2 X 10~* cm. 


6. Ibon (purity 99*96 %) 

Measurements were made on the ( 310 ) ring using cobalt iST-radiation. 
It was found that the iron exhibited even less of the line-broadening offset 
than molybdenum so that the same conclusions apply. The lattice changes 
are of the same order, as shown by figs. 11a and b (Plate 14 ) taken after 
20 and 90 % reduction respectively; the former corresponds to a lattice 
spacing less than and the latter to one greater than the stsmdaxd f<nr the 
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Voppi^r: Kk3 . 3 shows thei (expansion of the innoi* ring towards the outer ring due 
to iattiee expansion effect; lig. 4 shows the contraction on recovery caused by 
further cold working; figs. 5a and 55 show a difference between the recovered and 
initial state. 
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Fk!. Oa. 05% roduction. Fuj. 05. reduction. 

Silver: Fms. Oa, 05 show the (iiflV'romu' in (jiaTn<'t(*r of* tlio diffraction rings 
botwo(‘U tlu* expanded and reeover<Ml st-iitos. 




Fm. 7a. 90% reduction. Fi(i, 76. Initial. 

Silver: Fio. 7a sliows the recrystalliwation on sf'vere working to 
initial condition as shown by 76. 



Fi(!. S. Al, mtuotion. Fiu. 9. Al, 98*(>‘?„ n^ductioji, 

Frcjs. S, 9 hIiow that a oornploto rin^ is not profivicinl after 
iu'ivvy coUl working <if ))vin' tvlmviiiiiuin. 



Fio. !0a. Molybdenum, reduction. Fio. U>f>. 9% reduction. 

Fms. 10a, 106 nhow the flifferonce in dianietor of tho diffracstion ring between 
expanded and recovered states of inolybdeiium lattice. 
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expaiuiod and n‘(u)\'orod HtatoH t»f iron lal t io(\ 



Fio. 12 Hbows tiro much greater lino broadening effect in a carbon 
steel compared with that in pure iron above. 
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annealed condition* These photographs were chosen for reproduction in 
order to illustrate the negligible difference in line broadening despite the 
great difference in degree of deformation of the specimen. 

A comparison of some interest is afforded by the results of simOar tests 
on the deformation of a 0*1 % carbon steel. Fig. 12 (Plate 14) shows the 
same diffraction ring, photographed under the same conditions as the pure 
iron, after the steel had been reduced by about 40 %, sufi&oient to produce 
the maximum degree of line broadening. It will be seen, on comparison 
with fig. 11, that the diffusion of the diffraction ring is quite of a different 
order from that of the pure iron. This observation serves to demonstrate 
the function of the carbon on the “X-ray structure^’ of the iron lattice in 
lowering the permissible limit of crystallite size, and thus extending the 
potential range of the structure-sensitive properties. 

The measurements on the iron were as follows: 

Lattice spacing of the annealed iron ... ... 2*861o x 10“® cm. 

Maximum contraction . 0*05 % 

Minimum expansion from contracted state ... 0*10% 

Lower limiting crystallite size. 3*2 x 10~® cm. 

^ Discussion 

One of the points arising from the above work is the question of the 
relation of the crystallite formation to the grains and grain boundaries 
which are observed in metallographic examination. It is clear that even 
in the early stages of deformation each grain is dispersed into very 
differently oriented crystallites. On the other hand, the changes seen 
under the microscope are confined essentially to some elongation of the 
grain boundaries and the appearance of the slip lines with their apparent 
parallelism and regularity. Various investigators have shown that the 
periodicity of the slip lines reaches the order of 10cm., that is, the same 
order as the size of the independently reflecting crystallites shown by the 
X-rays. This points to the probability that the crystallites correspond to 
the sections into which the grain is divided by the lines of slip. It is then 
necessary, however, to account for the very different orientations which 
must be produced amongst the crystallites in one grain in order to explain 
the observed transition from a single reflexion spot to an elongated arc and 
finally a practically complete ring. (The formation of riie ring is of course 
enhanced in the polyciystalline metal because normally the ring consists 
initially of more than one reflexion spot; but the results on the aluminium, 
shown in figs. 8 and 9, which are from a particularly large-grained specimen 
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giving initially only a single reflexion spot, and similar work in progress 
on single metallic crystals, indicate that the orientations of the crystallites 
in the one grain must vary by at least 20-30^, and probably more in a 
metal which is not spontaneously self-annealing.) Now it is well known, 
from the work of Taylor, Elam, Mark, Polanyi and others, that if a crystal 
is constrained to deform in a definite direction, the action of slip causes 
a rotation of tlie crystallographic 6 rientation relative to the axis of the 
applied stress. This leads to the interpretation of the X-ray results that the 
apparently parallel sections between the slip lines formed in a single 
metallic grain extending in a given direction must elongate by con¬ 
siderably different amounts in order to produce the internal rotations of 
their crystallographic orientation to the extent observed. 

A further point is the apparent difficulty of reconciling the above lower 
limit to the crystallite size of 10 to 10 ^ cm. for a metal of given purity 
with the Beilby layer shown by the electron-diffraction work of Finch and 
others to be amorphous when produced during the mechanical polishing 
of a metallic surface. The logical conclusion from the X-ray work is that 
any amorphous state is definitely unstable, especially so in view of the 
observation of the recovery effects associated with continued cold working. 
A solution may perhaps be found in the result, illustrated by the steel 
I)hotograph fig. 12 , Plate 14, that the lower limit is decreased by the intro¬ 
duction of impurity, which presumably inhibits the processes of recovery and 
recrystallization. A similar result to that of the steel is found in work on 
the crystallite size of electrodeposited metals (Wood 1931 ), which are 
usually coprecipitated with oxide, hydroxide or gases, and on nitrided 
steel (Wood 1933 ) where liighly dispersed precipitates of nitrides are 
formed. It may be, therefore, that the intimate contact with the polishing 
media introduces sufficient impurity into the surface of the polished metal 
to account for the amorphous film, but in that cose the layer must be 
regarded as quite artificial and not characteristic of the metal itself. 

Finally, the changes show that the metal accommodates itself to external 
deformation by the disi)ersion into and relative movements of the 
crystallites, but that this process is accompanied, in the general case, by 
the incidence of measurable internal strains in the lattice. The results 
suggest that the former corresponds to the property of ductility but is 
possible only because of the instability of the distorted lattice and the 
observed recovery effect which permits the deformation to be progressively 
re|>eated without causing brittle fracture. It is not possible in view of the 
present incomplete state of the theory of the metallic lattice to calculate 
the internal stresses corresponding to the maximum expansion effect, and, 
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although it can hardly be fully correct to utilize the known constants of 
volume elasticity for the purpose, it is satisfactory to note that if this is 
done the equivalent stresses come out to be of the same order as the 
breaking stresses of the bulk material. 

The author desires to thank Dr G. W, C. Kaye, F.R.S., in whose depart¬ 
ment the work was undertaken, for his interest in these researches, and 
Mr M. G. Harwood for considerable assistance in the experimental work. 


SUMMABY 

An X-ray examination has been made of the changes in crystalline 
structure during the progressive cold working of pure Cu, Ag, Ni, Al, Mo 
and Fe, It is shown that the grains are dispersed into a fundamental unit 
(crystallite) characterized by a lower limiting size ranging from 10”^ cm. 
for Al to 0*7 X cm, for Cu. This size is dedu(jed from the broadening 
of appropriate diffraction lines. It is further shown, in the general case 
of copper, that on continued cold working the diffraction lines broaden 
to a maximum and then diminish in width to a definite value, the two 
processes alternating on further working. At the same time, the lattice 
dimensions of the crystallites change, having an expanded value when the 
line is most diffuse and a contracted value when the line breadth decreases. 
These changes are measured and indicate that the condition of the cold 
worked metal is marked by two extremes, (i) a comparatively stable state 
with a contracted lattice and minimum line broadening giving the lower 
limiting crystallite size, and (ii) a less stable state characterized by an 
expanded lattice and an abnormally diffuse line breadth which represents 
the extent and nature of the distortion transmitted to and retained by the 
metallic lattice during continued deformation. 
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Calculated wave functions and energy values 
for X-ray terms of potassium 

By W. a. Thatohbb, M.So. 

{Communicated by D, R, Hartree, F,R,S,—Received 28 April 1939) 

1 . Introduction 

Calculations of approximate wave functions, carried out by the method 
of the self-consistent field (Hartree 1928 ), have now been made for a number 
of atoms and ions, and energy values of terms of the optical spectrum, 
based on these calculations, have been made in a few oases (for example, 
McDougall 1932 ). But, apart from the work considered in the present paper, 
the calculations for ions have all been for atoms ionized in the outermost 
group; no calculations of wave functions for atoms ionized in an inner group, 
and consequently no proper calculations of X-ray energies, have previously 
been made. 

It has been found empirically that the calculated value of the energy 
parameter e appearing in the equation for the radial wave function of an 
inner group is in very close agreement with the observed value of vjR for 
the corresponding X-ray term, but it is by no means clear why the agree¬ 
ment should be as close as it is, since the two quantities are really not 
directly comparable, as has already been pointed out (see, for example, 
Hartree 1928 , pp. 116-17, 123 and Hartree 1933 , pp. 288-90). The value 
of e in the equation for the radial wave function P{nl) would be the energy 
required to remove an electron from that wave function if the rest of the 
atom were a static field of force, unaffected by the removal of that electron. 
Actually the atom is a configuration of electrons which changes when one 
of them, particularly an inner one, is removed. Further, the interaction 
energy of any one electron with the rest of the atom includes exchange 
terms as well as the direct Coulomb interaction which is all that is taken 
into account in considering any one electron as in the field of the rest of 
the atom regarded as a static field. 

It seemed desirable to make some self-consistent field calculations for 
an atom ionized in an inner group for two reasons; first in order to obtain 
some quantitative data regarding the alteration of the outer wave functions 
when an electron is removed from an inner group, and secondly to enable 
proper calculations to be made of X-ray energy levels, allowing for this 
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alteration of the wave functions of the outer group on removal of an inner 
electron, and for exchange, by calculating the total energy of the whole 
atom in two appropriate states, and taking the difference. 

The present paper is concerned with the calculation of the wave functions 
and energies for potassium. Other X-ray phenomena to which the results 
could be applied are the Auger effect, in the usual treatment of which 
(see, for example, Burhop 1935 ) the disturbance of the remainder of the 
atom due to the removal or transition of an inner electron is neglected, and 
X-ray dispersion, in which a similar approximation is commonly made. 

For specifying electron configurations of an atom ionized in an inner 
group, it is convenient to adopt a notation which specifies the wave functions, 
occupied in the normal state of the atom, which are unoccupied in the state 
under consideration. Using a notation suggested by White ( 1934 , pp. 309, 
310) we will indicate the absence of an electron in a normally occupied (n?) 
wave function by the symbol For example, a potassium atom with 

its normal configuration except for the absence of one K electron may be 
described by the symbol K+(l 5 )^^. 

The configurations for which wave functions have been calculated, and 
are given in this paper, are, in this abbreviated notation and in the usual 
full notation, 

= K^2[(i5)^ (25)2(2p)«(3^)2(3p)»] 
and K+2[{2p)-i(45)-i] K+2 [(Ls)2( 25 ) 2 (2p)S ( 85)2 (3p)«]. 

Energy calculations have been made for these two configurations and also 
for the normal state of the ion, namely 

K+H(^)~^] - K+1[(Lv) 2 (25)2 (2p)« (35)2 (3p)«], 
for which wave functions were already available (Hartree 1934 ). 

2 . Self-consistent fields foe K+2 ions 

For K‘^ 2 [(l 5 )^^( 45 )“^], the solution was started from a set of estimates 
of the contributions to Z supplied by Hartree. The successive approxima¬ 
tions to the self-consistent field were taken to such a stage that the maximum 
difference between estimated and calculated contributions to Z for each 
group was less than 0*015, and the corresponding maximum difference for 
the total Z was less than 0*03. For K^‘ 2 j( 2 p)“^( 45 )“^] the solution was 
carried out as a variation on that for the (15)”'^ ( 45 )“^ configuration; this 
gave values of the radial wave functions P, each of which was the sum of 
the corresponding value for the (l 5 )^^( 45 )"^ configuration and a variation. 
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As a check) a final calculation was made staxting from these as estimates. 
For this configuration the maximum differences between estimated and 
final Z'b were 0-01 in any one contribution and 0-026 in the total. 

Tables I-IV give the results of these calculations. Tables I and III give 
the unnormalized radial wave functions P(ni), the e parameters and values 

of the normalization integral I P^{nl)dr; Tables II and IV give the con- 

J 0 “ 

tributions to Z, and the total 2 Zp, in the same form as the corresponding 
results for (Hartree 1934 }. 


Table I. ( 4 ^)”^ wave fitnctions 

Table of for mnall r 


?* 

( i «) 


( 2 p ) 

( 3 ^)- 

( 3 p ) 

0*()0 

lOOOO 

1 00*00 

100*00 

100*00 

100*00 

0*006 

90-96 

90*84 

96*38 

90*84 

96*38 

0 * 03 . 

82-72 

82*36 

90*98 

82*33 

90*96 

0 - 0 I 6 

75-22 

74*47 

80-81 

74*42 

86*79 

0*02 

68-39 

07*21 

82*85 

67*13 

82*79 


Table of / * 


r 

(U) 

( 2 ^) 

( 2 />) 

w 

m 

0*00 

0 

0 

0 

0 

0 

0*006 

0*465 

0*464 

0*0024 

0*464 

0*002 

0*01 

0*827 

0*824 

0*0091 

0*823 

0*009 

0*035 

1*128 

1*117 

0*0195 

M 16 

0*020 

0*02 

1*308 

1*344 

0*0331 

1*343 

0*033 

0*03 

1*698 

1*627 

0*0670 

1*621 

0*068 

0*04 

1*872 

1*724 

0*1101 

1*711 

0-110 

0*05 

1*936 

1*680 

0*1570 

1-658 

0*166 

0*06 

1*923 

1*530 

0*2065 

1*495 

0*206 

0*07 

3*866 

1*301 

— 

— 

— 

008 

1*766 

1017 

0*3070 

0*966 

0*303 

0*10 

1*606 

4 0*366 

0*4021 

-f 0*267 

0*394 

0*12 

1*239 

- 0*346 

0*4867 

- 0*456 

0*471 

0*14 

0*992 

- 1*021 

0*6580 

- M 39 

0-632 

0*16 

0*779 

- 1*634 

0*6161 

- 1*741 

0-676 

0*18 

0*603 

- 2*163 

0*6684 

- 2*239 

0*602 

0*20 

0*461 

- 2*601 

0*6889 

- 2*623 

0*612 

0*22 

0*349 

- 2*960 

0*7078 

- 2*892 

0-607 

0*24 

0*263 

- 3*214 

0*7166 

- 3-051 

0-690 

0*26 

0*196 

- 3-401 

0*7169 

- 3-111 

0-660 

0*28 

0*146 

- 3*620 

0*7100 

- 3*079 

0-621 

0*30 

0*108 

- 3-680 

0-6973 

- 2-969 

0-473 
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Table I (cAmtinued) 
Table of P 


r 

( Is ) 

( 2 «) 

0-35 

0-060 

- 3 - 53 « 

0-40 

0*023 

3*292 

0-45 

0-010 

~ 2*954 

0-50 

0-005 

- 1-576 

OH 

0-001 

- 1-841 

0*7 

0-000 

- 1*248 

0-8 

— 

- 0-817 

0*9 

— 

- 0*520 

l-O 

— 

- 0-325 

1*2 

_ 

- 0-119 

1*4 


- 0-044 

l*tt 

— 

- 0-016 

1*8 

— 

- 0-005 

2-0 


- 0-002 

2 2 

— 

- 0-001 

2*4 

— 

— 

2-6 

— 

— 

2*8 

— 

— 

30 

_ 

_ 

3*2 

— 

— 

3*4 

— 

— 

3*6 

— 

— 

3-8 


..... 

4-0 

— 

— 

4*5 

_ 

— 

50 

— 


5*5 



6*0 

— 


6-5 

— 


7*0 

— 

— 

7*5 

— 

— 

8*0 

— 

— 

nl 

286-13 

30-93 

1 P *( nl)dr 

0-3685 

4-462 


0 


( 2 p ) 

( 3 ^) 

( 3 ;^) 

0*6469 

- 2-414 

0-326 

0-5810 

- 1-587 

+ 0-165 

0*5094 

- 0*615 

- 0-027 

0-4386 

4 - 0*403 

- 0-207 

0-3120 

2*325 

- 0-636 

0*2114 

3*869 

- 0-799 

0-1403 

4*942 

- 0-988 

0-0912 

5-576 

- M 08 

0-0681 

5*848 

- M 71 

0-0231 

6-649 

- M 73 

0-0090 

4-937 

- 1-077 

0-0034 

4-072 

- 0*942 

0*0013 

3*236 

- 0*797 

0*0005 

2-504 

- 0*660 

0-0002 

1-904 

- 0-537 

0-0001 

1-426 

- 0-431 

— 

1-055 

- 0-343 

— 

0-774 

- 0-270 

_ 

0*563 

- 0-211 

— 

0-407 

- 0-164 

— 

0-292 

- 0-127 

— 

0*209 

- 0-097 

— 

0*148 

- 0-074 

— 

0*105 

- 0-056 

_ 

0*044 

- 0-028 

— 

0-018 

- 0-014 


0-007 

- 0-006 

— 

0-003 

- 0-003 

— 


- 0-0014 

— 


- 0-0006 

— 

— 

- 0-0003 

_ 

— 

- 0-0001 

26-74 

4-426 

3-169 

0-18265 

34-26 

1-6653 
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Table II. K++(l»)-‘ (^)~^ ooNTEratmoNS to Z and total 22,, 


Contributions to Z 


r 

( 1 *)' 

( 2 «)« 

{ 2 p )* 

000 

1*000 

2000 

6*000 

0*006 

0*999 

— 


0*01 

0*993 

1*999 

6-000 

0016 

0*980 

1-005 

- ■■ 

0*02 

0*958 

1*992 

6*000 

0*03 

0*895 

1*986 

—- 

0*04 

0*806 

1*968 

6-997 

0*05 

0*709 

1*962 

6*990 

0*06 

0 - 60 f > 

1-960 

6-980 

0*07 

0*612 

. — . 

— 

0*08 

0-422 

1*943 

6-938 

010 

0*276 

1*928 

6*862 

0*12 

0-173 

1*926 

5*720 

0-14 

0*102 

1-921 

5-642 

0*16 

0*061 

1*906 

6*310 

0*18 

0*034 

1*873 

6*046 

0*20 

0*019 

1*822 

4*741 

0-22 

0*010 

1*762 

4-419 

0*24 

0*004 

1*666 

4*082 

0*26 

0*002 

1*666 

3*745 

0*28 

0-001 

1*462 

3*416 

0-30 

— 

1*347 

3*092 

0-36 

_ 

1*058 

2*347 

0 * 4.0 

— 

0-796 

1*723 

0*45 

— 

0*681 

1*232 

0*5 


0*406 

0*861 

0*6 

_ 

0*186 

0*396 

0*7 

— 

0*082 

0*171 

0*8 

— 

0*028 

0*071 

0*9 

— 

0*014 

0*028 

1*0 


0*004 

0*010 

1*2 

_ 

0*000 

0*002 

1*4 

— 

— 

— 

1*6 

— 

— 

— 

1*8 

— 

— 

— 

2*0 



_ 

2*2 


— 

— 

2*4 

— 

— 

— 

2*6 

— 

— 

— 

2*8 

— 

— 

— 



.. N 

Total 2Zp 

(3«)* 


{2vot=-116*2) 

2-000 

6*000 

38*000 

— 

— 

37*421 

2*000 

6*000 

30*861 

— 

— 

36*288 

1*999 

6*000 

36*736 

_ 

_ 

34*682 

1*997 

6*000 

33*691 

— 

—. 

32*757 

1*994 

5*998 

31*881 

— 

— 

31*039 

1*992 

6*992 

30*233 

1*990 

6*986 

28*702 

1*990 

6*970 

27-272 

1*989 

5*961 

26*934 

1*986 

6*932 

24*662 

1*982 

6-912 

23*471 

1*976 

6*881 

22*370 

1*966 

6*868 

21*355 

1*956 

6*828 

20*425 

1*946 

6*802 

19*665 

1*934 

6*781 

18*781 

1*924 

6*765 

18*067 

1*902 

6*733 

16*686 

1*889 

6*723 

16*293 

1*886 

6*722 

14*263 

1*884 

6*720 

13*364 

1*872 

6*670 

11*818 

1*814 

6*602 

10*496 

1*698 

6*199 

9*339 

1*636 

4*801 

8*328 

1*342 

4*320 

7*464 

0*960 

3*314 

0*161 

0*618 

2*384 

6*292 

0*379 

1*643 

4*767 

0*223 

1*094 

4*446 

0*137 

0*709 

4*266 

0*070 

0*460 

4*146 

0*038 

0*281 

4*081 

0*020 

0*172 

4*044 

0*011 

0*106 

4*023 
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Table II {continued) 





Contributions of Z 



r 

(W 


{ 2 p )« 

( 3 ^)» 

( 3 ? 0 * 

XOt'Ell 

( 2 v „ = - 116 * 2 ) 

30 

— 

— 


0*005 

0*063 

4*011 

3*2 

..... 

— 

— 

0*003 

0*036 

4*006 

3*4 

— 

— 


0*001 

0*021 

4*002 

3-6 


— 

— 

0*001 

0*012 

4*000 

38 


...... 

— 

0*000 

0*007 

4*000 

40 

— 

— 

—- 

— 

0*004 

etc . 

4*6 

_ 

_ 

■ 


0*001 

■ 


Table III. K++(2j>)~^ (4«)-* wave fitnctions 


Table of for email r 


r 

( l 8) 

{28) 


( 3 ^) 

( 3 p ) 

0*00 

100*00 

100*00 

10()*00 

100*00 

100*00 

0*006 

90*06 

90*86 

95*38 

90*84 

96*38 

0*01 

82*74 

82*40 

90*99 

82*37 

90*99 

0*016 

76*27 

74*68 

86*84 

74*52 

80*82 

0*02 

68*49 

67*35 

82*91 

67*25 

82*80 



Table of P 



r 

( is ) 

(28) 

( 2 />) 

( 3 /^) 

( 3 ;>) 

0*00 

0 

0 

0 

0 

0 

0*005 

0*4648 

0*464 

0*0024 

0*454 

0*0024 

0*01 

0*8274 

0*824 

0*0091 

0*824 

0*0091 

0*015 

M 290 

1*119 

0*0195 

M 18 

0*0195 

0*02 

1*3698 

1*347 

0*0332 

1*346 

0*0331 

0*03 

1*7016 

1*636 

0*0080 

1*629 

0*0680 

0*04 

1*8799 

1*740 

0*1104 

1*727 

0*1102 

0*06 

1*0484 

1*706 

0-1678 

1*684 

0*1572 

0*06 

1*9394 

1*567 

0*2080 

1*632 

0*2067 

0*08 

1*7820 

1*078 

0*3110 

1*016 

0*3071 

0*10 

1*6383 

+ 0*4366 

0*4090 

+ 0*346 

0*4016 

0*12 

1*2760 

- 0*260 

0*4996 

- 0*366 

0*4838 

0*14 

1*0304 

- 0*922 

0*5766 

- 1*047 

0*5606 

0*16 

0*8161 

- 1*638 

0*6400 

- 1*664 

0*6007 

0*18 

0*6368 

- 2*076 

0*6897 

- 2*168 

0*6341 

0*20 

0*4913 

- 2*628 

0*7264 

- 2*670 

0*6507 
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Table III (continued) 


Table of P 


r 

( Is ) 

( 2 a ) 

( 2 p ) 

( 3 a ) 

( Sp ) 

0*22 

0-3766 

-- 2-896 

0-7614 

- 2*864 

0-6523 

0*24 

0*2860 

-- 3-179 

0-7656 

- 3*049 

0-6401 

0*26 

0*2160 

- 3-388 

0-7706 

- 3-137 

0-6164 

0*28 

0-1610 

- 3-528 

0*7676 

- 3-134 

0-6799 

0*30 

0-1180 

- 3-610 

0-7681 

- 3-048 

0-6363 

0*35 

0*0575 

- 3-604 

0-7131 

- 2-560 

0-3922 

0-40 

0-0270 

- 3-400 

0-6483 

- 1-768 

0*2201 

0*45 

0-0126 

- 3-082 

0*6763 

- 0-822 

+ 0-0339 

0-60 

0-0057 

- 2-717 

0-6007 

+ 0-184 

- 0-1644 

0*6 

0-0012 

- 1-980 

0-3636 

2-120 

- 0-6064 

0 7 

0-0002 

- 1*371 

0-2530 

3-707 

- 0-7935 

0*8 

0-0000 

- 0-904 

0-1711 

4-834 

- 1*0061 

0*9 

— 

- 0-683 

0-1132 

5-618 

- M 464 

1*0 

— 

- 0*369 

0-0737 

6-831 

- 1-2218 

1*2 

_ 

- 0*142 

0-0302 

6-684 

- 1*2461 

1-4 

— 

- 0-053 

0-0118 

6-004 

- 1*1666 

1*6 

— 

- 0-019 

0-0047 

4*156 

- 1*0194 

1*8 

— 

- 0-007 

0-0018 

3-328 

- 0*8685 

2*0 

— 

- 0-002 

0-0007 

2-689 

- 0*7231 

2*2 

— 

- O-OOl 

0-0003 

1-976 

- 0-6921 

2-4 

— 

- 0-000 

0-0001 

1-487 

- 0-4784 

2*6 

— 

— 

0-0000 

1-106 

- 0-3823 

2*8 


— 

— 

0-815 

- 0-3028 

30 

— 

— 

— 

0*595 

- 0-2380 

3*2 

_ 

—- 

_ 

0*432 

- 0-1868 

3-4 

— 

— 

— 

0-311 

- 0-1442 

3*6 

— 

—. 

—, 

0*223 

- 0-1113 

3-8 

— 

— 

— 

0*169 

- 0-0864 

4*0 



— 

0*113 

- 0-0663 

4-5 


_ 

— 

0-048 

- 0-0329 

5*0 

— 

— 

— 

0-019 

- 0-0162 

5 5 

— 

— 

— 

0-008 

- 0-0078 

60 

— 

— 

— 

0-003 

- 0-0037 

6*5 

_ 


_ 

0-001 

- 0-0017 

7-0 


— 

— 

0*000 

- 0*0008 

7*6 

— 

— 

— 


- 0*0004 

8-0 

— 

— 

— 

— 

- 0*0002 

8-5 


— 

— 

““ 

- 0*0001 


271-93 

29-90 

26-33 

4-368 

4-116 

*00 

P ^ lnl)dr 

0-3816 

4-706 

0*21860 

34*63 

1*8762 


0 
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Table IV. K++(2p)“’^ contmbutions to Z and total 2Zp 
Contributions to Z 


r 

(!«)• 

{ 2 «)* 

{ipf 

0*00 

2-000 

2-000 

6-000 

0-005 

1-998 

2*000 

5*000 

0-01 

1-987 

1*999 

5-000 

0-016 

1-962 

1*997 

600 () 

0*02 

1-921 

1-994 

6*000 

003 

1-79 

1*98 

6*00 

0*04 

1*62 

1*97 

5*00 

0*05 

1-43 

1-96 

4-99 

0*06 

1-23 

1*95 

4-98 

0-07 

1*04 

1-94 

4*97 

0*08 

0-86 

1*93 

4*94 

0*10 

0*57 

1-93 

4*88 

0*12 

0-36 

1*93 

4*80 

0*14 

0*22 

1-93 

4-66 

010 

0*13 

1-91 

4*49 

0*18 

0*08 

1*88 

4*29 

0*20 

0*04 

1-84 

400 

0*22 

0-02 

1*78 

3-81 

0*24 

O-Ol 

1-70 

3*54 

0*26 

0-01 

1*60 

3-27 

0'28 

0*00 

1*60 

3-00 

0*30 

— 

1*39 

2-73 

0*35 

— 

MI 

2*11 

0*40 

— 

0*85 

1*58 

0*45 

— 

0-63 

1*16 

0*50 

—* 

0-45 

0*82 

0-6 

_ 

0*21 

0*39 

0*7 

— 

0*09 

0*18 

0*8 

— 

0-04 

0*08 

0*9 

— 

0*02 

0-03 

1*0 

— 

0*01 

0*01 

1*2 

— 

— 

— 

1*4 

— 

— 

— 

1-0 

— 

— 

— 

1*8 

—. 

— 

— 

2*0 


— 

— 

2*2 


— 

_ 

2*4 

— 

— 


2*0 

— 

— 

— 

2*8 

— 

— 

— 

3-0 



— 

3*2 

_ _ 

_ 

_ 

3-4 

— 

.— 

— 

3-6 

— 

— 

— 

3-8 

— 


— 


( 3 «)» 


Total 2 Z ^ 
( 2 Vg = - 144 - 9 ) 

2*000 

6*000 

38*00 

2*000 

6*000 

37*28 

2*000 

6*000 

36-58 

2*000 

6-000 

35-89 

1-999 

6*000 

36-23 

2-00 

6*00 

33-99 

2*00 

6*00 

32-86 

2-00 

6*00 

31-83 

1*99 

6-00 

30*90 

1-99 

6*00 

30-04 

1*99 

5*99 

29-24 

1*99 

5*99 

27*77 

1-99 

5-97 

26*43 

1-99 

5-96 

25-19 

1*95 

6*93 

24*04 

1*98 

6*91 

22*97 

1*97 

5*88 

21-97 

1-97 

5*86 

21*05 

1-96 

6-83 

20-19 

i -94 

5*80 

19*40 

1*93 

5-78 

18-66 

1-92 

5*76 

17-99 

1*00 

6-73 

16-64 

1-89 

6*72 

15*34 

1*88 

6*71 

14*34 

1-88 

5*71 

13-47 

1-87 

5*67 

11*95 

1-82 

5*63 

10*66 

1*71 

5*27 

9-60 

1*55 

4*89 

8*48 

1-37 

4*44 

7-61 

0*98 

3*44 

6*28 

0-65 

2-61 

6*41 

0*40 

1-75 

4-84 

0-24 

1*17 

4*60 

0*13 

0-77 

4-30 

0-07 

0*49 

4-18 

0-04 

0*31 

4-10 

0-02 

0-19 

4-06 

0-01 

0-19 

4*04 

0-00 

0-07 

4-02 

— 

0-04 

4-01 

— 

0-03 

4-00 

— 

0-02 

4-00 

— 

0-01 

— 
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It is interesting to compare the results for K+® [(ls)“^(4s)“^] with those 
for K+ ( 45 )-'^ and Ca++ (4^)”2 (D. R. Hartree and W. Hartree 1935 ); this 
comparison can be made best in terms of the contribution to Z or in terms of 
the normalized wave functions. Starting from the K+ ion in its normal 
state the removal of an electron from a (Is) wave function results 

in a shrinkage of the wave functions of the L and M shells, and this 
shrinkage is so marked that the (3s) and (3^)) wave functions of the K atom, 
ionized in the (I#) group, are much more like the corresponding wave 
functions of the normal state of Ca++ than like those of K"^. 


3 . Energy values , general formulae 

The energy of an atomic state, in terms of the radial wave functions 
P(nl) of the different (nl) groups and the numbers of the electrons in these 
groups, can be obtained by Slater’s ( 1929 ) method. If the functions 
P^{nl jr) are a set of normalized wave functions, satisfying the condition 
of orthogonality 

J P^{nl\r)P^{n'l\r)dr ^ 0 + (1) 

for each Z, and if p(nZ, n'V [ r) = P^(nl | r) P^r(n'V \ r), (2) 

n'V j r) = p(nZ, n'V j r^) dr^, (3) 

Yif{nl, n'V I r) = Z^.{nl, n'V \ r) + p(nl, n'V \ drj, (4) 

Slater’s method gives the total energy as the sum of multiples of the 
integrals 

Z(nO « + (6) 

»'!') = j* r~^p{7ll,nl\r)Y^j^n'V,n'V\r)dr, (6) 

Gfft(ni,nT) = (7) 

For the configurations with which this paper is concerned, the coefficients 
of these integrals are given in the last three columns of Table VII. 

The wave functions P(wZ), obtained by the method of the self-consistent 
field without exchange, do not satisfy the orthogonal condition ( 1 ) exactly^ 
but, as pointed out by McDougall ( 1932 , §4 (a)), Slater’s formulae can be 
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applied if, for each i, the radial wave functions P{nl) are replaced by a set 
of independent, mutually orthogonal, linear combinations. It is most 
convenient in practice to form these linear combinations by leaving the 
wave function of lowest n unaltered, for each Z, and modifying the others 
in order of increasing n so as to make each orthogonal to those of lower n. 
In the present work the wave functions P( 2 sjr), P(3s|r) and P( 3 j 3 |r) 
require this modification. McDougall ( 1932 , §4 (a)) has given the appro¬ 
priate orthogonal combinations of normalized P functions, but for the 
present work unnormalized wave functions were used, and the expressions 
involved are somewhat different. 

We will write P{nl j r) for the wave functions calculated without exchange 
such as those tabulated in Tables I and III, and 


N^(nl) — J P^{nl I r) dr. 


( 8 ) 


Also we will write P^{nl\r) for the corresponding member of the set of 
orthogonal linear combinations, and 

Ar2(„i) Jr) dr, (9) 


so that the normalized orthogonal wave functions to be used in (1) to (7) are 
P^(nl\r)^P,{nl\r)/N,{nl). (10) 

Also we will write 

8{nl, n'l) = J” P{ni | r) P^'l \ r) dr (n >n') ( 11 ) 

Since the functions Pj are constructed in the order of increasing n, it follows 
that when constructing Pi{nl\r), the functions Pi{n'l\r) for n'<n are 
already determined, so that S{nl,n'l) can be found for n' < n. 

For I « 0 , the required set of orthogonal functions is given by 


Pi{lfi|r) = P(l«|r), 


Pi(2« I r) == P(2a | r) — 
Pi(3« I r) = P(38 I r) - 


S( 2 s, Is) 

Ar?(ls) 

-S(3s, 2s) 
N\{28) 


Pl(ls|»-), 


Pi(2slr)- 


8 ( 28 , Is) 

"Fi(ls) 




and correspondingly, for i * 1, 


(12) 


P,(2p|r)-P(2p|r), ^ 

P,(2p\r) = P(2p\r)^^^^^P(2p\r). 
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The normalizing integrals are 
Nl(la) = i^*(ls), 

SH‘i 8 , 2 s) 


NI(38) = N\38)- 


Nli28) 


Nl{2p) = N>{2p), 

, Nl(2p)^N\3p)- 


S*(3p,2 p) 

N!( 2 pr’i 


(Sf*(3», Is) 
'rN^ilsj’ 


( 14 ) 


Values of Nl{nl) and 8(nl, nl) for the two K+® ions considered in this 
paper, and for the normal state of the K+ ion, are given in Table V. For K“*“ 
the values of P{np\r) and N^np) already tabulated (Hartree 1934 ) are 
given for (P/r2)^^Q«=600. These quantities have been divided by 6 and 25 
respectively in deriving the results for K+ in Table V, so that these results 
should be comparable to those for K+*. 


Tablk V. Coefficients S(nl, n'l) used in forming orthogonal linear 

COMBINATIONS P^(nl | r), AND NORMALIZATION INTEGRALS Nl{nl) 

p 00 

- P\{nl 1 r) dr for these orthogonal wave functions 
Jo 

Tabu of S{nl,n’l) 


(nl) (n'l) 


K.+-'(2/;)-M4fi)-i 


(1«)(2«) 

00143 

0-0149 

0-0145 

(U)(38) 

-00766 

-00754 

-0-0749 

(2«)(3*) 

0-193 

0-162 

0*222 

(2p)(3p) 

0-0037 

0*0063 

0-0109 


Table of N'i(nl) 


(nl) 



K+(4a)-^ 

(Is) 

0-3686 

0-3816 

0-3816 

(2s) 

4-461 

4-701 

4*901 

(3s) 

34-23 

34-61 

40-26 

m 

0*18266 

0-2186 

a-2328o 


1-6562 

1-8722 

2-4546 


As already mentioned, the integrals required in the calculation of the 
energy were evaluated using unnormalized wave functions. For instance, 
the integral nT) was evaluated in the form 

jr-^Yk(nl,nl | r) F?(nT | r)drlN\(nl), 

division by the appropriate normalizing factor being done after the integral 
had been evaluated. This procedure was suggested by Hartree and Black 
( 1933 ) from their experience of similar work for oxygen. The main advantage 
is that, using unnormalized P’s for which (P/r*+^),_o “ the same for each 
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configuration considered, the contribution to the integral for small r, 
which is often the most troublesome to evaluate to adequate accuracy, 
is very nearly the same for all configurations, so can be done once for all, 
the corresponding contribution for other configurations being found by 
a variation method. 


4. The I integrals 


The I integrals (5) provide the largest contributions to E, As is usually 
the case, it is convenient to substitute for d^Pjdr^ in I{nl) from the equation 
satisfied by P(nl), which, for the self-consistent field without exchange, is 

= 0 . ( 15 ) 

where Zj^(nl | r)/r is the potential at radius r of tlie field which, in this 
approximation, is considered to act on an electron in an {nl) wave function. 
If P{nl) ^ Piinl), as it is for ( 1 «) and ( 2 p) in the present case, then 




(16) 


The modifications introduced by the use of the linear combinations 
( 12 ), (13) have been given by McDougall for normalized P's and P^’s; the 
use of unnormalized wave functions merely affects the coefficients of certain 
of the integrals. 

Writing, for brevity. 




the results are 


(17) 


2I(2a) . j r)^f^^^^Ur+T{2,, U), 

2 /( 8 s ) = -63.- J* P *(38 1 + T ( 38 , 2 s ) + T {^, Is ) 


2S{3s,2sl8{^,}± r« , , Z,{2s \r)- Z^ils\r) 


Nl(^)N 
)c 


(compare McDougall 1932 , formula (4'18)), 

2/(3p) - f"pj(3plr) t?.?iML)rfr+r{3p,22)). 


( 18 )J 


r 
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Following the method of Hartree and Black { 1933 , § 6 ) a good check on 
the evaluation of these integrals can be obtained as follows. Let 

D(nl I r) = N-Zj^{nl \ r) I!^,^.q{n'l')Y^{nT ytiT ] r) + }^(ni.wZ | r), (19) 

where q{n'l') is the number of occupied wave functions in the (n^l') group. 
The functions | r) have to be evaluated for the calculation of 

the F integrals, and so do not have to be calculated specially, and D(nl j r) 
is small, since it is only different from zero on account of the difference 
between P{nl \ r) and Pi(nZ | r), and the departures of P(nl) from the exact 
solution of the equations of the self-consistent field (see Hartree and Black 
i933» P‘ 324). Then 

2I(nl) = —e^—Z^^j.2q(nT)FQ(nlynT)-\-2FQ(nl,nl) 

(see Hartree and Black 1933 , formula (19)). When the JFp integrals have been 
calculated, this checks the value of the integral in l{nl). It is not satis¬ 
factory for use as the standard method of calculating I(nl), as there is 
a danger of accumulation of errors in summing the multiples of the i'Vs, 
but it is useful as a check of the values calculated from (18). The closeness 
of the check is shown by Table VI. 


Table VI. Check of I(nl) intkoraLvS 



A 

B 



~ t2l(ti/) + e(n/)] 

- I21{nl)^€(nl)] 



from (16), (18) 

from (20) 


K++(l«)-M4«)-* (1«) 

75-07 

76-05 

-002 

(2«) 

56*43 

56*40 

-003 

(2p) 

60* 11 

60-14 

0-03 

(3«) 

27-83 

27-83 

0-00 

(3p) 

26-40 

26-39 

-0-01 

K+*(Stp)-' (49)-^ {U) 

89*16 

89-16 

0-00 

m 

56-64 

56-68 

0-04 


60-30 

60-33 

0-03 

(3«) 

27-71 

27-76 

0*05 

m 

26-04 

26*09 

0-05 

K+(4«)-' (la) 

93-51 

93-46 

-0-06 

(2a) 

59-33 

59-31 

-•0-02 

m 

63-06 

63-04 

-0-02 

(3a) 

27-65 

27-57 

0*02 

(3p) 

24-86 

24-91 

0*05 
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6. Evaluation of the Ij, funotiohs and the 
AND G^. intbobals 

Hartree and Black ( 1933 , § 7) give two equations from which to calculate 
the functions Y^{nl, n'V | r), namely, 


n'V I r) = - [(fc + 1) n’V | r) - (2A: + 1) Z^{7a, n'V \ r)], 
^ Z^(nl, n'V I r) = p{nl, n'V \r)-~ Z^{nl, n'V \ r). 


( 21 ) 


and they give modifications convenient for large r and for small r. The func¬ 
tions Zf^y however, are not required except as intermediate steps in the 
evaluation of the T^’s and it is possible to eliminate them entirely and work 
directly from p to Yj^, Eliminating Zj^ between equations ( 21 ) gives 


^^Y,(nl,n'V\r) 


• n’V I r) + n'V | r), ( 22 ) 


which is a particularly convenient fonn for numerical integration since it 
is a second order equation with the fost derivative absent. 

The terminal conditions are 


Yft(nly n'V I 0) - 0, 'j 

r^Yjc(nlyn'V | r) constant as r ooj 


(23) 


so that there is not a complete set of initial conditions for starting the 
solution of equation ( 22 ) from either end of the range. However, it is a linear 
equation, so can be solved by evaluating any particular integral satisfying 
the boundary condition at r = 0 and finally adding a multiple of the com¬ 
plementary function to satisfy the condition at infinity (the other 
complementary function r""* does not satisfy the condition at the origin). 
If the evaluation of the particular integral becomes unsatisfactory, due to 
the presence of a large multiple of the complementary function in the 
solution, the numerical work can often be lightened by adding or sub¬ 
tracting a suitable multiple of it at an intermediate stage in the integration. 
To see the effect on Yj^inly n'V | r), obtained in this way, of a rounding off 
or other error in the course of the integration, suppose that the solution 
of ( 22 ), obtained by numerical integration, differs from the exact solution 
satisfying the conditions (23) by y^ir). If this discrepancy arises from 
a single error in the interval of integration to -h ^r, then for these and 

later values of r, its behaviour will be given by 




( 24 ) 
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Let the error be 0 at r = and a: at r = r^-f dr. Then, substituting in (24) 

a: = ^ri*[{l + (<yr/ri)}“^--{l + - ^{2k^l)Ar‘{^Srlr^^O[{Sr)^]. 

The term JSr*"^ ^ is oorrooted for in the choice of the complementary function 
to fit the condition at infinity, so the residual error at r > r^ is 

Ar^ = -~x(rjT)^ {rJSr)/{2k-\- 1) 

approximately. Similarly for r<ri, the difference in the comple¬ 

mentary function required to satisfy the condition at infinity introduces 
an error 

x(r/ri)*^+^ {rjdr)l{2k 1) 

approximately. Thus the effects of a rounding off error on the final values 
of after addition of a multiple of the complementary function r^^^ 
to satisfy the condition at infinity, is greatest at the place where the error 
occurs and decreases to zero at r = oo (except for k — 0) and at r == 0. The 
greatest value of (rj/dr) in practice is of the order of 20, except for the first 
few intervals for which one or two extra figures are retained in any case, 
when it may be greater; the fact that the greatest effect of the error may be 
as much as 20 times the magnitude of the error itself shows the need for 
carrying out the numerical work to rather a high nominal accuracy if this 
method is used. 

When working with the unnormalized wave functions Pi(nl \ r) it may be 
convenient to replace p{nl,n*V \r) in ( 22 ) by Pi(nl\r)P^(n'V \ r). Then 
Yk{nl, n'V I r) must be replaced by 

N^{nl)N^(nT)Y^{nhn^r \ r). 

The relation 

aFf,{nl,nT)--bF^{nhnT) 

= J” P^{nl I r) mnT, n'V \ r) - bY^(nT, nT | r)] dr 

is sometimes useful in the evaluation or checking of the values of the Ff^ 
integrals. It is a generalization of a relation used by Hartree and Black 
( 1933 , p. 327). The most useful values are a =» 6 - 1 and a ~ NfinT), 
b = Nl(nT). 

To save computation, it is often convenient t/O work with the differences 
between the various quantities occurring in the evaluation of the integrals 
Fjc and for the different configurations, rather than doing the work for 
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each configuration independently. If the symbol A is used to indicate such 
a difference, we have, for example, from (22) 

\r) ^Ap(nl,n'V+ AY^(nl,n'V\r). 

This, or the corresponding equation involving the product Pi(nl \ r) P^{n*V | r) 
of unnormalizod wave functions in place of f}(nUn*V \ r), has been used to 
a considerable extent in the present work. 

Also, using barred symbols to refer to one configuration and unbarred 
symbols for another, we have, for unnormalized P's, 

N\(nl) nT) - Nl(nl) n'l') 

= I r) Y^(n’l’, n'V ] r) - P\(ia \ r) Y„(nT, n’V \ r)] dr. (25) 

The integrand of (25) is small compared with the integrand in the integral 
for N\Fj^ for either configuration separately, so that the integral in (26) 
is easier to evaluate than the corresponding integral for of either con¬ 
figuration separately. 

If (25) is used, it is necessary to do the complete integrations, for the 
integrals required, for one (configuration; the corresponding integrals 
for other configurations can then be found by evaluation of the differences 
(26). Further, the smoothness of the differences of the integrand of (26) 
provides a good check on the calculation of the products PjYJr, A similar 
method can be used for the integrals (7^. 

The values of the required /, F and 0 integrals for the three configurations 
considered, and the coefficients of these integrals* in the formula for 2P, 
the total energy in terms of the ionization energy of the hydrogen atom, 
are given in Table VII. 

The calculations have been carefully checked, and it is hoped that no 
errors, other than those due to the accumulation of rounding-off' errors, 
are present in the final results. The accuracy of the final energy values is, 
of course, limited by the effects of the rounding-off errors in the different 
Htages of the calculation leading to these values. By the variation prin¬ 
ciple, deviations of the values of the radial wave functions P from the 
exact solution of the equations of the self-consistent field only affect the 
energy values to a small extent. The main source of uncertainty in the final 

* Smce G'i.(nZ, nl) t^/), the contributions to the values of 2E which formally 

come from integrals of the type have bt^n included with those coming 

from the corresponding integrals, in this table and in Table VIII. 


17-3 
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E values arises from the calculation of the and integrals, some of which 
occur with large coefficients in the energy formula (see Table VII), and 
particularly of the I integrals which are the largest (and so most afiFected 
by errors in the normalization integrals) and the most troublesome to 
evaluate. 

Table VII. Valttes of /, and integrals, and oobefioients of 

THESE INTEGRALS IN THE FORMULA FOR 2^, THE TOTAL ENERGY IN 


Rydberg units 




Value 



(!«)-> 

Integral 


2i(l«) 

-362-10 

27(2«) 

-87-38« 

21 {2p) 

-86-84, 

2/(3a) 

-32-23i 

21{3p) 

-2B-.57, 

1») 

11-797 

2«) 

3-318 

2P) 

3-794, 

i-Vls, 3«) 

1-098, 

^o(l«. 3p) 

1-019, 

F,{2s. 2p) 

2-372 

F^(2a, 2p) 

2-579 

F^(20, 3a) 

0-970 

F o(20, 3p) 

0-911 

Fo{2p. 2p) 

2-743, 

F^(2p, 3«) 

0-985, 

Fg(2p, Sjo) 

0-928 

3^) 

0-7376 

J'o(3«, 3p) 

0-7048 

3p) 

0-6767 

Ft{2p, 2p) 

1-282 

Jr,(3p, Zp) 

0-337, 

God*. 2«) 

0-268 

G,(J«, Za) 

0-061, 

Gi(l«, 2p) 

0-688 

Gi(l«, 8p) 

0-056, 

Go(2«. Za) 

0-062 

Oi(2fl, 2p) 

1-482 

0,(2a, Zp) 

0-080 

0,(2p, 3«) 

0-072 

Go(2p, Zp) 

0-026 

Gt(2p, Zp) 

0-067 

Oi(8a. Zp) 

o-4ei 


K++ 


(2p)~^ 

K+ 



-36M1 

^360-81 

~86-59o 

--86-04i 

- 8.5-634 

- 86-004 

-32-03, 

-30-614 

- 30'16o 

-26*738 

11-591 

11-684 

3-226 

3-180 

3-643 

3-663 

1-092 

1-011 

1-002 

0*882 

2-312 

2-266 

2-445 

2-391 

0-963 

0-904 

0-897 

O-SOSj 

2-636 

2-670 

0-972 

0-9148 

0-908 

0-8138 

0-7310 

0-6814 

0-6962 

0-6302 

0-6631 

0-6893 

1-244 

1*201 

0-388 

0-2734 

0-340 

0-264 

0-063 

0-064 

0-542 

0-616 

0-061 

0-040 

0-059 

0-063 

1-427 

1-420 

0-038 

0-026 

0*071 

0-0665 

0-036 

O-OSOs 

0-067 

0-062 

0-408 

O-4IO4 


Coefficient in 
formula for 2i? 






( 2 p )-‘ 


( 4 a )-‘ 

( 4 a )-» 

( 4 *)-' 

1 

2 

2 

2 

2 

2 

6 

6 

6 

2 

2 

2 

6 

6 

6 

0 

2 

2 

4 

8 

8 , 

12 

20 

24 

4 

8 

8 

12 

24 

24 

2 

2 

2 

24 

20 

24 

8 

8 

8 

24 

24 

24 

30 

20 

30 

24 

20 

24 

72 

60 

72 

2 

2 

2 

24 

24 

24 

30 

30 

30 

- 12/6 

- 8/6 

- 12/6 

- 12/6 

- 12/6 

- 12/6 

- 2 

- 4 

- 4 

- 2 

- 4 

4 

- 2 

- 10/3 

- 4 

- 2 

- 4 

- 4 

- 4 

- 4 

- 4 

- 4 

- 10/3 

- 4 

- 4 

- 4 

- 4 

- 4 

- 10/3 

- 4 

-12 

-10 

-12 

- 24/6 

- 4 

- 24/6 

- 4 

- 4 

- 4 
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The accuracy of the values of can be judged roughly by 

reference to the checks of the values of this quantity given in Table VI, 
The values of 62 # a-nd Cgp should be accurate to 0*005 and those of to 0*03; 
the coefficient of /().«) in the formula for 2E is only 2 , so that the uncertainty 
in eia does not give a large contribution to that in 2E. The normalization 

f * 00 

integrals Vf(nZ) = 1 -Pf(nZ) dr should all be accurate to 1 part in 4000, 

Jo 

Estimates of the effects of these and other possible uncertainties on the 
values of 2E suggest that the probable error (in the sense in which the term 
is used in the theory of errors) of the difference A(2E) between the values 
of 2E for two different configurations is about 0*5. It is only possible to 
estimate this quantity rather roughly, but this gives an idea of the order 
of accuracy of the final results. 


6, Spin ANT) KELATTVITV CORRECTIONS 

For light atoms, the spin and relativity corrections to the energy values 
are small, and nearly cancel. The expressions for these corrections have 
been given by Hartree ( 1928 , § 7). 

The relativity correction is 

^erei = P%(nl\r)dr, (26) 

where a* = {2ne^lch)^ - 1/18800. 

The spin correction is 

^e,pin = I »■) I »■) > (27) 

where Z(nl | r)/r® is the field which, in the self-consistent field approximation, 
is considered to be acting on an electron in an ( nl) wave function at a distance 
r from the nucleus. For Z + 0 the factor 1 .8 in (27) has the values 

1.8 = for j==l-¥\ 

“-i(l-t-l) for 3 = 

For 2 >« 0 , (27) becomes indeterminate, as the integral l>ecome 8 infinite 
and 1 ,8 n 0 . But in this case the spin correction can be obtained by com¬ 
parison with that for the corresponding tenn of a hydrogen-like atom with 
the same nuclear charge N. 

Let j r) be the normalized hydrogen-like wave function in the 
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field of the same nucleus, and the spin correction to e for the 

hydrogen-like atom. Then, since the large contributions to the integral in 
(27) come from the immediate neighbourhood of the origin, 


^igpln_ ^ [Lt I T_ 

1 r)J 

Or, if P{ns \ r), 1 r) are unnormalized wave functions with 


Lt[P{n^|r)/r]= Lt [P,{ns \r)/rl 

r-^O r-^0 


then 


Ae, 


Ae, 


apln_ _ JJi 


(H)spln 


P^m(^\r)dr 

f P^(ns I r) dr 
Jo 


For (Is), = am*, 

so '^legp,n( Is) = P\m( \r)drjP*( Is | r) dr. 

Spin and relativity corrections have only been applied for the missing 
(l<s) and {2p) electrons of the ions, since the differences between those 
corrections for the occupied wave functions in the different configurations 
are negligible. 


7 . Results and discussion 

The contribution to 2E from the different kinds of integrals, and from 
spin and relativity corrections, and values of 2E themselves, for the 
different configurations are summarized in Table VIII. The energy difference 

2P[K+a, (l«)-l(4«)■^]-2i^[K^ (45)-^], 

is the calculated value of {p/R) for the K absorption edge of the X-ray 
spectrum, and so is directly comparable with an experimentally observable 
quantity. Similarly the two values of 

2 (2p)-'^ 2E[K^, ( 4 ^)-^], ( 28 ) 

for the two different values of the spin correction give the calculated values 
of (v/jB) for the jL^, Lju edges, and the values of 

2E[K+\ (ls)“M45)-'i]~2i?[K+*, (2p)-~^is)-^l 

give the calculated values of {vjR) for the Koc doublet. Comparison of these 
quantities with the observed values (from Siegbahn 1931 , Tables 47, 167, 
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1766) is made in Table VIII, and the values of the e parameters in the 
calculation of the self-consistent field (without exchange) for K^" are also 
given. 

Table VIII, Values of 2E and oontributtons thereto, and 

COMPARISON WITH OBSERVATION 


Contribution from 



K++(2p"*(4i*)'' 

K+(4tf)~» 

I intograls 

- 1299-87 


- 1568-60 

-1626-35 

JFfc integrals 

278-42 


399-85 

440-57 

integrals 

~ 11-67 


- 12-01 

-12-28 

Relativity cor¬ 

for 


for 


rection 

(!«)-» 8-60 


( 2 />)“i 0-16 

— 

Spin correction 

for 


for i 0-13 

— 


( 1 #)-* -7-78 


( 2 p)-^ 1 - 0-065 

, — 

Total 2E 

- 932-3 


-1180-6 

-1197-3 




-1180-7 

— 





Obs. - 


Calc. 


Obs. 

Calc. K+, 


265-0 

265-6 

(K edge) 

- 0-6 267-35 

-2if[K+, (4«)”>j 

2£7[K^ ^ {2p)-M4tf)- *] 
-2i5?[K+, (4#)“^] 

i 16-8 ^ 

\ 16-6 ‘ - 

21-7 

21-5 

0-21 

(L,„ edge) 

-4*9 21-97 

2i;iK++. (l«)“i (4a) 

/248-2 

243-9 

(A'a,) 

-4-3 — 

-2^[K++{2p)-M4«)’'^] 

1248-4 

244-1 

(A-a.) 



The calculated value of {vjR) for the K edge is in surprisingly good agree¬ 
ment with the experimental value. The discrepancy, 0 - 6 , is almost within the 
limits of the accuracy of the calculations, and is only about 8 times greater 
than the discrepancy in the similarly calculated ionization energy of He, 
whereas the ionization energy itself is about 140 times that for He. There 
is a greater discrepancy in the position of the Lju edges, and this 
suggests that the extreme closeness of the agreement for the K edge is 
to a certain extent accidental. The value of for K+ is actually in better 
agreement with the position of the l/u.m edges than is the properly calcu¬ 
lated ionization energy (28); a similar result was found for the ionization 
energy of He calculated on the basis of the same approximation to structure 
of a many-electron atom. The calculated value O-lOg of the Lii-Lm spin 
doublet separation is in good agreement with the observed value 0*21 
(Siegbahn 1931 , Table 167). 

Comparison of the values of the various /, 0 * integrals for the 

different configurations shows the considerable extent to which the per¬ 
turbation of the outer groups contributes to the total energy change on 
removal of an electron from an inner group. It has seemed worth while to 
carry out these calculations in full for one case, in order to find the magnitude 
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of these peiturbations and to take them into account in the calculation of 
energies. But the numerical work involved is fairly extensive; in the 
calculation of the energies for the three configurations with which this 
paper is concerned, 114 integrals were calculated and solutions of (22) 
evaluated for 72 different T^(nZ, n^V \ r) functions, exclusive of checks which 
involved the calculation of about 50 % more such integrals. For a heavier 
atom, the amount of work involved would be substantially greater, and 
might become prohibitive. 

In conclusion, I wish to thank Professor Hartree, at whose suggestion 
this work was undertaken. He supplied the initial estimates for the calcula¬ 
tion of the self-consistent field, suj^ervised the early part of the work, and 
gave from time to time valuable practical contributions to its progress. 


Summary 

Self-consistent field calculations, without exchange, have been made for 
two states of the potassium atom ionized in an inner group, namely for the 
configurations 

K2 [(1.5)1 {28f (2p)« ( 3 . 5)2 (3^)6]^ 

and K+2 [(i^)a ( 2 «)a (3^)* (3p)»]. 

The results are given in this paper. The perturbation of the wave functions 
of the outer electron groups on removal of an electron from an inner grant 
is found to be considerable, so that, for example, the (3.5) and (3jj?) wave 
functions of a K atom ionized in the (Is) group are more like those of a normal 
Ca atom than like those of a normal K atom. The results may be applied 
to take this perturbation into account in the theory of the Auger effect or 
of X-ray dispersion. 

The application made in the present paper is to the calculation of X-ray 
ionization energies. The total energies of these configurations and of the 
normal state of have been calculated by Slater’s method, and the 
calculated values of vjR for the K, Ln and Lm edges and Ka doublet ob¬ 
tained and compared with the observed values. The agreement is very good 
for the K edge and good for the K lines but less so for the L edges. 

A new method of evaluating one of the quantities, Ffc(nl, n'V ] r) required 
in the evaluation of the energy integrals is given. 
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The friction of clean metals and the influence of 
adsorbed gases. The temperature 
coefficient of friction 

By F. P. Bowden and T. P. Hughes 
Laboratory of Physical Chemistry, Cambridge 
{Communicated by C. H. Desch, F.R.8.—Received 2 May 1939) 

Experiments on electron diffraction and electron emission, as well as 
optical and other methods, have made it abundantly clear that, when a 
solid is cleaned in air by any ordinary method, its surface is still covered 
by a film of oxide, water va])our, and other adsorbed impurities. The sirnface 
film is often several molecular layers in thickness. Any complete theory of 
friction must take this film into consideration. Most experiments on the 
friction of metals are not made with metallic surfaces at all, but with a 
metal coated with this surface film. If a lubricant is used it is not added 
to the metal directly, but is superimposed on the film of contaminant. 

Recent papers (Bowden and Leben 1939 ; Bowden and Tabor 1939 ) have 
described an investigation of the kinetic friction between imlubrioated 
metal surfaces which had been cleaned in air. The experiments show that 
sliding may not be continuous. The motion may proceed in jerks and large 
fiuotuations may occur in the friction and in the surface temperature. The 
real area of contact between the metals is very small and corresponding 
fluctuations occur in it during sliding. The results suggest that metallic 
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contact occurs only locally at the points of the surface irregularities. These 
contacts are usually few in number and their size is large compared with 
the dimensions of a molecule. The exact nature of the metallic junction 
depends on the relative physical properties of the metals, and the frictional 
resistance may be due to the surface irregularities of one metal ploughing 
through the other or to a cohesion and welding at the points of contact. 
The molecular field of force at the surface of a solid may be profoundly 
modified by the addition of even a single adsorbed layer, so that, on the 
above view the presence of this surface film should have a large influence 
on the friction. 

It is diificult to remove the last adsorbed film and to maintain a clean 
surface, and few measurements of the friction of clean metals have been 
published. Jacob (1912), and Shaw and Leavey (1930) have heated metals 
in vacuo to clean them and found that the static friction increased. Their 
results were variable, however, and a comparison of their cleaning technique 
with that necessary to obtain photoelectrically clean surfaces indicates 
that their surfaces did not approach a really clean state. Holm, Gulden- 
pfennig, Holm and Stormer (1931) observed that adhesion occurred between 
metals if they had been cleaned previously by heating to a high temperature 
in a good vacuum. This adhesion was maintained in the presence of a rare 
gas, hydrogen, or nitrogen, but disappeared on the introduction of oxygen. 
Later, Holm and Kirscbstein {1936), using the tilt method of measuring 
the static friction, found that the forces necessary to cause motion between 
two degassed metals were very great. Since the surfaces were degassed by 
beating them together to a high temperature, it was not certain whether 
the adhesion was caused by an initial high temperature welding or not. 
On the other hand, Posohl (1930, p. 71 ) has stated that when surfaces are 
cleaned in a good vacuum the sliding friction between them decreases and 
becomes vanishingly small. 

This paper describes an attempt to measure the kinetic friction between 
naked metals. A new method of measuring the kinetic friction is described, 
and the experiments show that the removal of the surface film from a 
metal surface causes a very large increase in the sliding friction. The coeffi¬ 
cient of friction between thoroughly outgassed metals was more than 
twenty times as great as that observed with metals ‘‘cleaned*’ in the 
ordinary way. The addition of a trace of some gases reduced this friction, 
while others had little or no effect. 

The effect of temperature on the coefficient of friction was also investi¬ 
gated. Unless great precautions were taken the results were very variable, 
and the friction appeared sometimes to increase and sometimes to decrease 
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with temperature. This erratic behaviour was due to traces of surface 
contaminants. When the surfaces were carefully cleaned the results were 
reproducible and reversible and the coeflScient of friction showed a small 
but regular decrease as the temperature rose. Tliese observations have an 
important bearing on the theory of friction. 

Experimental 

Method 

If a body of mass m slides along a surface and the only retarding force 
is the friction, the equation of motion may be written 

d^x 
di^ = 


where d^xjdfi is the rate of deceleration, is the coefficient of friction, and g 
is the gravitational constant. The value of the coefficient of friction may 
then be obtained from the rate of deceleration of the sliding body. 



Fig. 1. The friction apparatus. 


The apparatus used is shown in fig. 1. The sliding body was a small 
hollow cylinder of metal which hung on a lower cylindrical surface of 
smaller diameter. This cylinder was projected along the lower surface by 
a spring, and its motion was recorded photographically. The experimental 
curve showing the relation between the time and the distance sM was a 
parabolic one and the deceleration at any time could be calculated from the 
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slope of the parabola at that point. This gave a measure of the average 
coefficient of kinetic friction over any short interval of time. The results 
showed that ji was sensibly constant over a range of sliding speeds from 
100 cm./sec. down to very low speeds. In addition, it was found that 
if the spring was bent to the same extent for each kick, the product (i into 
dy the distance slid, was constant for a particular spring and cylinder over 
a variety of surfaces. When an apparatus had been calibrated for a particular 
spring and cylinder, the friction of the cylinder on the lower surface could 
be obtained immediately from the distance d, since fi is inversely pro¬ 
portional to this distance. In practice, the apparatus was calibrated by 
measuring fidy and the friction corresponding to any distance of sliding was 
evaluated from this. Successive values of d varied by about 6 % for low 
frictions, but the experimental error was greater for the very small values of 
d corresponding to high frictions. 

The friction apparattcs 

Fig. 1 shows the general arrangement used to measure the friction. The 
cylinder C was projected along the lower surface by the pyrex or tungsten 
spring 8. The end of the spring was forked and transmitted the impulse to 
both sides of the upper part of the cylinder; in this way any tendency of 
the cylinder to leave the lower surface during the sliding was reduced to a 
minimum. The spring was bent to the same extent for each kick by pulling 
the piece of soft iron, sealed in the pyrex, against the wall of the containing 
tube by means of the electromagnet Jf. The distance slid by the cylinder 
was read on a scale placed parallel to the lower surface. The cylinder could 
be moved about and turned over quite conveniently by small pieces of 
iron I sealed in glass and which were controlled from outside by an 
electromagnet held in the hand. 

The lower surface was usually a thin foil of the metal, and was supported 
on a quartz rod of diameter 0*5 mm. This foil was wrapped around the rod 
with the seam underneath, so that the part of its surface where sliding 
occurred was quite smooth. The metal was degassed by passing a suitable 
heating current through it. The two nickel loops Xy which held the quartz 
rod in a vertical position, made electrical contact with one end of the foil, 
while the single loop Y made contact at the other end. This loop Y only 
fitted loosely around the rod, and both the rod and foil could imdergo 
thermal extension. In the case of metals sliding on tungsten the lower 
surface was a tungsten wire kept under tension and degassed by an electric 
current. The upper cylinder was degassed apart from the lower surface on 
the molybdenum rails JR. In this position it was heated by 2000 or 6000 V 
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electrons from the filament F, Both metal surfaces were kept at a tempera¬ 
ture just below that at which excessive evaporation sets in during the final 
stages of degassing. 

The surfaces were cleaned and rubbed with 000 emery paper and no 
fuither polishing was attempted. A microscopic examination sliowed that 
after degassing the fine scratches due to the emery were replaced by small 
pits and elevations. This change in the physical state of the surface had 
comparatively little effect on the friction. Experiment showed that the 
kinetic friction on both surfaces was approximately the same when they 
were contaminated in the air. 

The apparatus was attached to the vacuum system at 0. By means of 
two mercury diffusion pumps in parallel, backed by a Hyvac pump, the 
pressure was maintained below 10“* mm. during the friction measurements. 
At first the pressure was measured by an ionization gauge, but this was 
later replaced by a sensitive type of Pirani gauge, since the former possessed 
marked “gettering” properties in oxygen atmospheres. Both these gauges 
were calibrated by a Macleod gauge. No grease was used on the apparatus 
side of the liquid air traps. 

Of the gases used, oxygen was generated by heating a tube of potassium 
permanganate, nitrogen by heating a tube containing a coarsely ground 
mixture of potassium dichroipate and ammonium chloride, and hydrogen 
was diffused into the apparatus from coal gas through a heated palladium 
tube. In order to introduce small quantities of these gases, three-way taps 
of a special design were used as pipettes in series with an expansion chamber 
in between them. 

The absolute friction was determined from the photographed deceleration 
curve of the sliding cylinder. The shadow of the cylinder was arranged to 
pass along the narrow slit of a camera during the movement of the cylinder. 
When a moving film was used in the camera, a distance-time curve was 
obtained. The time markings were made by intercepting a parallel beam of 
light with a sectored disk rotated on a synchronous motor. In this way a 
series of sharp lines was obtained representing time intervals of 0-003 sec. 

Rksults 

The chaTige in the friction due to the removal of surface films 

The frictional behaviour as the surface films were removed was studied 
for the following pairs of metallic surfaces; nickel sliding on tungsten, 
nickel on nickel, copper on copper, and gold on gold. The usual procedure 
was to measure the friction, and to separate the surfaces and to heat them 
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in a vacuum for a certain length of time. Tlie surfaces were then allowed 
to cool, quickly placed in contact, and the friction again measured. 

Nickel on tungsten. When the surfaces were “cleaned” in air and the 
apparatus was first assembled, the value of the coefficient of friction was 
about = 0-3. This is in reasonable agreement with the values for metal 
surfaces usually obtained by other methods. When the apparatus was 
evacuated the friction rose to 0*5. This was probably due to the 
removal of the more volatile surface contaminants. On heating the wire 
alone with the cylinder resting upon it, a further increase to /* = 0*7 was 
observed. Finally the wire and cylinder were separated and heated at as 
high a temperature as possible. The tungsten was heated to ca. 1650^^ K 
and the nickel to ca. 1300-1400° K. They were then allowed to cool, were 
placed in contact and the friction rapidly measured. The process was then 
rei>eated several times. The friction continued to increase with prolonged 
heating and finally after several hours it reached a maximum of ca. — 6-0 
(see fig. 2 a). If the clean surfaces were allowed to stand at room tempera¬ 
ture in a vacuum of about lO*”® to 10 **® mm. a steady decrease in the friction 
was observed. This decrease occurred in a few minutes and was probably 
due to the gradual contamination of the surfaces by the residual gas in the 
apparatus (see later). 

Nickel on nickel. When the foE was heated with the cylinder resting on it 
the friction rose from /t = 0 * 6 to/f — 1*9. When the surfaces were separated 
and cleaned by prolonged heating to over 1300° K, the friction rose to a 
maximum value of /^ “ 4-6 (fig. 26). No further increase was noted when 
hydrogen was admitted to the red hot surfaces (see later). 

Gopper on copper. The initial friction was about fi = O-S. After heating 
for several hours at a bright red heat, it rose to a maximum value of 
p “ 4*8 (fig. 2c). 

Gold on gold. The results on gold were not very reproducible. This may be 
due to the softness of the metal. Before degassing the friction was about 
p =, 0 * 6 , and after prolonged degassing it rose gradually to a value of about 
p « 4*6 (fig. 2d). 

Degree of cleanness of the surfaces. There is no simple method of deter¬ 
mining the nature or the amount of any impurity which may remain on a 
metal surface. However, in the case of tungsten some information is 
available. Langmuir and Villars ( 1931 ) have shown that the oxide film on 
this metal begins to evaporate at 1600° K. Later, Roberts ( 1935 ) made a 
thorough study of the conditions under which the surface of this metal may 
be cleaned, and found that a tungsten wire had to be heated in excess of 
2000 ° K before the oxide film was completely removed. Bosworth and 
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Rideal ( 1937 ) have observed that the fraction of a tungsten surface which 
remains covered by adsorbed oxygen at 1600” K is only 0*3. Since the last 
adsorbed molecules will presumably be in the cracks and cavities in the 
surface, it is possible that the surface of this metal was almost clean in the 
above experiments as far as the friction measurements are concerned. 
More recently Van Cleave ( 1938 ) has found that a rapid removal of the 



Fig. 2. The influence of degassing on the friction, (a) Nickel sliding on tungsten, 
(6) nickel on nickel, (c) copjwr on copper, {d) gold on gold. 


first oxygen film on tungsten only set in at 1760” K. In the case of other 
metals less is known and the closeness of approach to a really clean surface 
can only be guessed at from a comparison with the technique used in 
photoelectric work. In these friction experiments the heating was con¬ 
tinued in a good vacuum for some hours and the rate of gas evolution 
became immeasurably small. The temperature was kept as high as possible 
mid considerable evaporation of the metal took place. The possibility that 
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the more strongly bound surface films were not removed cannot be ex¬ 
cluded, but it is probable that the surfaces approached the clean state. 


The influence of adsorbed gas on the friction 

After the metals had been thoroughly outgassed and the friction had 
attained its maximum value, the pumps were turned off, a trace of gas 
was admitted, and the friction was immediately measured. The surfaces 
were at room temperature during the entry of the gas into the friction 
apparatus. 

(a) The effect of oxygen. 

Nickel on tungsten. When a trace of oxygen, enough to give a pressure 
of lO""® mm., was admitted to the clean surfaces, there was a rapid fall in 
the friction from = 6*0 to = 1*6. The effect is shown in fig. 3a. The time 
of this change was too brief to be measured with any accuracy, but it was 
certainly about the order of a second or two. On standing, the friction 
showed a further slow decrease with time, and successive kicks also caused 
it to decrease slightly. The admission of larger quantities of oxygen gave 
similar results. 

Nickel on nickel. The effect of admitting a relatively large quantity of 
oxygen (about 1 mm.) is shown in fig, 36. The fall in the friction was slower 
than in the case of nickel on tungsten, and only became marked after a 
number of kicks had been made. The change in the friction appears to be 
the result of a slower oxidation process which is accelerated by the actual 
sliding process. This fall continued for several hours, but even when the 
metal was heated in oxygen to form a visible oxide film the value of the 
coefficient of friction, /t = 3-0, was high and showed comparatively little 
further change on standing. 

Copper on copper. The introduction of oxygen at a pressure of a few 
mm. caused a rapid fall in the friction from = 4*8 to /f *= 2-4, as in fig. 3c. 
After this there was a further slow fall to » 1-9 on standing for some 
hours. When a visible oxide film wets made by heating the surface in oxygen, 
the friction fell to /4 = 0*76. 

Cold on gold. The addition of a trace of oxygen caused an immediate 
reduction in the friction from about /t « 4*3 to 3*2. The addition of 
larger quantities of oxygen had a similar effect. The further slow fall with 
time in the case of the other metals was only slight in the case of gold. 
After standing for half an hour the friction was still /i » 3*2, and even after 
16 hours it had only fallen to jii^ 2*8, as in fig. 3d. 
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(6) The effect of hydrogen. 

Hydrogen was admitted to clean surfaces of all the metals investigated, 
but no change was observed in the friction. In each cose the friction re¬ 
mained at its high value. In fact, hydrogen was found to be very effective 
in removing oxide films when they were present, and experiment showed 
that the highest frictions were most stable when the residual gas in the 
apparatus was hydrogen. 



Fig. 3, The influence of oxygen on the friction of clean nietal«. (a) Nickel sliding on 
tungsten, ( 6 ) nickel on nickel, (c) copjxjr on copper, (d) gold on gold. 

(c) The effect of nitrogen. 

Provided that the nitrogen was carefully purified and was free from 
oxygen it had no influence on the friction of the metals investigated. 
Nitrogen was found to give the same friction as oxygen for nickel sliding 
on tungsten if there was a traco of oxygen in the gas; it was without any 
hifluenoe if the oxygen had been removed by passing the gas over a heated 
tungsten filament. 
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{d) The effect of mercury vapour. 

If the clean metals were allowed to stand overnight in a vacuum with no 
liquid air on the trap, a large reciuotion in the friction occurred because of 
contamination by mercury vapour* In the cose of copper the friction was 
reduced to /t === 0*7 after standing overnight, and this value was not changed 
by subsequent sliding. The other metals, however, only showed a reduction 
in the friction as the result of the sliding process itself. Each successive 
kick lowered the value of the friction until it fell to about // 0 * 5 . When the 

mercury vapour was partially removed by replacing liquid air on the trap* 
a small increase in the friction resulted. 

The influence of temperature on the friction of clean metaU 

There is some uncertainty as to the effect of temperature on the friction 
of metals. Hardy and Doubleday (1922) have shown in the case of a 
lubricated surface that a small rise in temperature had little effect on the 
static friction. Jacob (1912) and Shaw and Ijeavey (1930) have attempted 
to measure the effect of temj>erature on the static friction of unlubricated 
surfaces. The results were rather irregular; the static friction appeared 
sometimes to increase and sometimes to decrease as the temperature rose. 
No measurements on the influence of temperature on kinetic friction have 
yet been published. 

The apparatus described in this paper was very suitable for studying 
the effect of temperature over a wide temperature range. The lower surface 
was maintained at the required temperature by the passage of a suitable 
heating current through it. The temperature was measured by an optical 
pyrometer. After the upper cylinder had been degassed, it was placed on 
the lower surface and heated by conduction. For this reason the actual 
temperature at the points of contact was not known with great accuracy, 
but it is probable that the temperature of the surface layers at these points 
wm not very different from that of the lower surface. 

Results, 

Unless elaborate precautions were taken to degas the metals very 
thoroughly, the results obtained were very erratic and unreproducible. In 
some oases the friction increased and in others it decreased as the tempera¬ 
ture rose. A typical series of results under those conditions is shown in 
flg. 4 , The variability of the results is due to the influence of the removal of 
surface films superimposed on any purely thermal effect. 

If the surfaces were first thoroughly outgassed and a good vacuum was 
maintained the results became reproducible and reversible. The results for 
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nickel on tungsten, nickel on nickel, copper on copper, and gold on gold are 
in fig. 5 a, 6, c and d. In each case the friction decreased as the temperature 
rose. The effect is slight and the friction falls to about half its value when 
the temperature is raised 1000"^ C, Gold showed little change until a 
temperature of about 600'' C was reached, when the friction rose suddenly 
to a very high value of /i = 20 or 30. The effect was not due to a ploughing 
in of the cylinder edges into the lower surface, for a cylinder with bevelled 
edges gave the same result. 



Fio. 4. The influence of temperature on the friction betwt»en incompletely degassed 
surf'acea of nickel and tungsten. 


Discussion 
Clean metals 

It is clear from these results that the removal of the surface films from 
a metal surface has a profound effect on the friction. In every case the 
friction showed a large increase, and the coefficient of kinetic friction could 
be nearly twenty times as great as the value normally obtained between 
metals ‘‘cleaned’’ in air in the ordinary way. The frictional force between 
unlubrioated motals is usually a small fraction of the normal load, but if the 
surfaces are cleaned in a vacuum the frictional force may be four to six 
times as great as the normal load. It should be emphasized that this force 
is not merely that required to start motion (static friction), it continues to 
act while the surfaces are in rapid motion. The actual value of the coeffi¬ 
cient of friction between the degassed metals appeared to differ slightly, 
but in view of the very considerable experimental errors involved for the 

18-3 
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highest frictions, it may be concluded that they were all of the same order 
of magnitude. The possibility that a trace of surface contaminant still 
remained cannot be excluded, and it is possible that the friction might rise 
to still higher values if the surfaces could really be obtained as naked 
metal. 



Fio. 5. The influence of temperature on the friction between clean metal surfaces, 
(a) Nickel sliding on tungsten, (6) nickel on nickel, (c) copper on copper, (d) gold on 
gold. 

In spite of the great friction the sliding bodies behaved in a fairly 
reproducible manner and gave uniform deceleration curves. The results 
showed that, within the limits of experimental error, the friction was 
independent of the velocity from 100 om./sec. down to very low speeds. 

These observations lend strong support to the view that friction iB dne 
to molecular adhesion at the points of contact between the sliding metals. 
Under normal conditions the presence of adsorbed films will reduce tiic 
field of force at the surface of the metal. When this film is removed the 
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strength of the field is increased, the metals are able to approach together 
more closely, and the molecular interaction and adhesion are very much 
greater* 


The influence of gases 

The eflect of admitting various gases to the clean surfaces is very striking. 
In every case oxygen caused a relatively great reduction in the friction. In 
the case of nickel sliding on tungsten, for example, the admission of a trace 
of oxygen was followed by a rapid fall in the friction from fi = 6-0 to 
fi = 1 * 6 . The time required for this fall to occur was too rapid for it to be 
measured, but it apfieared to be less than a second or two. The friction 
could only be restored to its initial high value by evacuating the apparatus 
and reheating the metals to a high temperature. Roberts ( 1935 ) has shown 
that if oxygen is admitted at a low pressure ( 10 ^^ to 10 mm.) to a clean 
tungsten surface at room temperature, the surface is immediately covered 
by the gas. The oxygen forms a chemisorbed layer on the surface, and may 
only be completely removed by heating the metal to a very high tempera¬ 
ture, This result has an important bearing on the frictional experiments 
and suggests that the initial fall in the friction after a trace of oxygen has 
been admitted to a tungsten surface is due to the rapid formation of the 
chemisorbed primary fihn. After the rapid initial change there is a further 
slow fall in the friction, which is probably due to the slow building up of a 
thicker oxide layer. The thicker this layer becomes, the more efficiently is 
any welding between the surfaces prevented, until, when the oxide reaches 
a certain depth, the value of fi would oorresi>ond to the friction between the 
completely oxidized surfaces. The effect of oxygen on the friction of the 
other metals was similar in nature to that for nickel on tungsten, but tlie 
effect was not so great in all cases. The rate of oxidation of a metal surface 
and the thickness of the resulting oxide layer naturally vary froni one 
metal to another. The influence of oxygen on the friction would then be 
greater for the more easily oxidizable metals such as tungsten and copper and 
less for the more resistant metals such as nickel and gold, as was noted in 
the results. It is also possible that differences between the molecular force 
fields might give rise to differences in their adhesive and frictional proper¬ 
ties, apart from the actual thickness of the oxide film. 

When hydrogen or nitrogen were admitted to the clean metals there was 
no appreciable fall in the friction, even on prolonged exposure. The work 
of Roberts ( 1935 ) and Van Cleave ( 1938 ) has shown that both these gases 
form chemisorbed films on tungsten, but it seems that such films can possess 
little or no frictional properties on the metals. This result is in harmony 
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with the observations of Holm and Kirsohstein ( 1936 ) that oxygen de¬ 
creased the adhesion between metals, while hydrogen and nitrogen did not. 

An interesting effect was observed with most of the metals. If the 
cylinder was kicked along the wire a number of times the friction fell to a 
somewhat lower value. The act of sliding the surfaces together apparently 
causes a reduction in the friction. The observation was frequently made in 
low pressures of oxygen, where the sliding process resulted in a certain 
amount of frictional oxidation at the points of contact between the surfaces, 
presumably as tiie result of frictional heating, lattice distorsion and 
deformation. The effect was also observed during all stages of the degassing, 
and was particularly marked when the surfaces had been standing over¬ 
night in mercury vapour. In some cases the effect may be attributed to a 
slight smoothing of the surface by the removal of small projections formed 
during the degassing process. Where the effect is large, however, it suggests 
that it is due to the sliding process assisting to smear a contaminant over 
the surface. Even if the surface itself is clean there will still be gases and 
other impurities dissolved within the metal and held between the grain 
boundaries beneath the surface. The sliding process causes a tearing and 
distortion of the metal to a considerable depth (Beare and Bowden 1935 ), 
so that these impurities are liberated and can come to the surface. Strong 
support to this suggestion is given by the behaviour of the pressure during 
the early stages of degassing. When the cylinder was kicked along the wire 
the Pirani gauge showed a momentary but definite increase in pressure, 
showing that an appreciable volume of gas had been liberated. 

Most clean metals are easily ‘'wetted'’ by mercury, and the observed 
reduction in the friction suggests that a mercury film is smeared over the 
surface by the sliding process. Whether the large reduction in the friction 
is due to a weakening of the metallic junctions by amalgamation, or whether 
it is d ue to a thin liquid film of mercury is not certain. 

The effect of surf ace films 

Although the kinetic friction is retiuced by the primary film of oxygen it 
does not fall to the low values normally observed in air until comparatively 
thick layers of oxide are built up on the surface. A similar effect was 
observed with a fatty acid vapour (Bowden and Hughes 1938 ). The adsorp¬ 
tion of a single layer of the vapour on the outgassed metal reduced the 
friction but it did not fall to the values usually observed for boundary 
lubricated surfaces (/t 0 -l- 0 ’ 2 ) until a comparatively thick film had 

condensed on the surface. 

Hardy’s work has shown very clearly the importance of the first adsorbed 
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film and be suggests that the static friction is due entirely to the molecular 
interaction between the primary film on each surface. 

This work supports the view (Beare and Bowden 1935 ) that in the case 
of kinetic friction the primary film is not enough. The surface irregularities 
on the solid penetrate even the best lubricant film and when sliding occurs 
the solid is torn and distorted to a considerable depth beneath the surface. 
Excess lubricant must be present so that it can move in and repair the 
damage, and polymolecular layers are necessary before a substance can act 
as an effective boundary lubricant for moving surfaces. 

It is probable that the oxide layer reducies the friction between un- 
ubricated metals by weakening the metallic junctions between the surfaces. 
The results of earlier papers (Bowden and Leben 1939 ; Bowden and Tabor 
1939 ) suggest that the junctions are of three main types. With the first 
type the irregularities of the harder metal penetrate the surface of the 
other, and the friction is the force required to drag these projections 
through the softer metal. If an oxide layer is present on the surfaces the 
penetration, and hence the friction, will not be so great. The second and 
third types of junction are due to the adhesion and metallic welding between 
the surfaces, and this will be greatly reduced by the presence of an oxide 
film. Experiments have shown that the electrical resistance across the 
metal contact is, for different metals, proportional to the specific resistance 
of the metal. This shows that the conductivity is mainly due to the metal 
itself. The presence in the junctions of very thin fragments of the oxide 
layer would, however, have only a small effect on the electrical resistantie 
so that their presence might not be apparent from the conductivity 
measurements. These oxide fragments would have a profound effect on the 
mechanical strength of junctions and would weaken them considerably. 
Unless the oxide layer is very thick it is not able to prevent metallic 
contact, the surface irregularities break through it during sliding. It does, 
however, reduce the extent and the intimacy of the contact, and so reduces 
the friction. It is fortunate for engineering practice that metal surfaces 
are usually dirty. 

Tfte infliie.nce of temperature 

It is clear that the variable results obtained with metals which have not 
been thoroughly outgassed are due to surface contamination. The changes 
imthe composition of this film on heating vrill cause frictional changes which 
so great that they mask any effect due to temperature alone. This 
erratic behaviour may explain some of the conflicting results for static 
friction which were obtained by earlier workers. When the surface had been 
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thoroughly outgassed, however, the results were reversible and reproducible 
and for nickel on tungsten, nickel on nickel and copper on copper the 
friction falls slightly as the temperature rises. The fact that the measure^ 
ments were reversible, i.e. that the friction returned to its original value as 
the surfaces were cooled down, is important, since it shows that the 
frictional decrease was due to the temperature alone and not to any irre¬ 
versible change in the structure of the surface. The fact that the friction 
decreased as the temperature rose also suggests that the surfaces were 
reasonably clean. If contaminating films were present, a high temperature 
would diminish their concentration and cause an increase in the friction. 

The decrease in the coefficient of friction for most metals was only a few 
per cent for a temjierature rise of 100®. This small effect is in harmony with 
the view that friction may be due to the tearing of the metal at the local 
points of contact. It has been suggested that the surface irregularities 
separating the metals flow plastically under the applied load until their 
area is sufficient to enable them to support it. At high temperatures the 
mechanical strength of the metals is considerably reduced so that, for a 
given load, the total cross-section of the junctions must be greater. Since 
the mechanical strength of the metal has fallen off proportionately, however, 
the force required to break them will be approximately the same and the 
friction may be nearly independent of temperature. 

Gold was exceptional; at a temperature of ca. 600® C the friction rose 
suddenly to a very high value of /« = 20 or 30. This effect is probably duo 
to the pronounced softening of the gold at this tem})erature so that the 
metal flows readily and the surfaces are welded together over a large area. 

We wish to express our thanks to the Trustees of the Ramsay Memorial 
Fund for a Fellowship (T. P. H.), and to the Royal Society and Chemical 
Society for grants for apparatus, 

SUMMAEY 

A method is described for measuring the kinetic friction between metal 
surfaces which have been freed from the oxide and surface films which are 
nomally present. The removal of the films has a profound effect and the 
kinetic friction between the outgaased metals may be twenty times greater 
than that observed for the same metals cleaned in air. 

The addition of a trace of oxygen to the clean metal causes an immediate 
reduction in the friction. Adsorbed hydrogen and nitrogen have little or no 
effect. Although the friction is reduced by a single film it is clear that 
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polymolecular layers are necessary before a substance can act as an 
effective boundary lubricant for moving surfaces. 

The temperature coefficient of friction between clean metals was deter¬ 
mined over a wide temperature range. Most of the metals investigated 
show a small but regular decrease in the kinetic friction as the temperature 
rises. If the temperature causes excessive softening of the metal the 
friction may rise to a high value. 

References 

Beare, W. O. and Bowden, F. P. 1935 Phil. Trans. A, 234, 320-54. 

Bosworth, R. C. L. and Rideal, E. K. 1937 Phy»icay N, 8 . 4, 925-40. 

Bowden, F. P. and Hughes, T. P. 1938 Nature, Land., 142. 1039-40. 

Bowden, F. P. and Leben, L. 1939 Proc. Roy. Soc. A, 169, 371-91. 

Bowdon, F. P. and Tabor, D. 1939 Proc. Roy. Soc. A, 169, 391-413. 

Hardy, W. B. and Doubleday, I. 1922 Proc. Roy. Soc. A, 101 , 487-92. 

Holm, R., Guldenpfonnig, F., Holm, E. and Stormor, R. 1931 TFw. Verdff, Siemens- 
Korn. 10 (4), 20-64. 

Holm, R. and Kirsclistein, B. 1936 Wlss. Verojf. Siemens-Werken, 15 ( 1 ), 122-7. 
Jacob, C. 1912 Ann. Phys., Lpz., 38, 126-48. 

Langmuir, I. and Villars, D. 8 . 1931 J. Amer. Chein. Soc. 53, 486-97. 

Pdsohl, Th. 1930 The physics of solids and fluids, by Ewald, Poaohl and Prandtl. 
Ijondou: Blaokie. 

Roberts, J. K, 1935 Proc. Roy, Soc. A, 152, 445-80. 

Shaw, P. E. and Leavey, E. W. 1930 Phil. Mctg. 10 , 809-22. 

Von Cleave, A. B. 1938 Trans. Faraday Soc. 34, 1174—7. 



The mechanism of sliding on ice and snow 

By F. P. Bowdrn akd T. P. Httohbs 

Laboratory of Physical Chemistry, Cambridge 
{Communicated by (7. H, Deschy F.R.S.—Received 2 May 1939) 
Introduction 

The preceding paper has shown that the sliding friction between metals 
decreases in a regular manner as the temperature is raised, provided that 
the chemical nature of the surface layers remains unchanged. The behaviour 
of the friction at temperatures near the melting-point was not investigated. 
Most metals become very soft at these high tem^veratures, and the irregu¬ 
larities which normally separate the two surfaces now collapse, so that 
a comparatively large area of contact is developed. Since the frictional 
force is the resultant of the minute adhesions acting across the real area 
of contact, we should expect that the friction between two such surfaces 
w<mld be very great. The friction between two gold surfaces sliding to¬ 
gether has been observed to increase to very high values where the metal 
becomes soft. 

With solids of different physical pro|>ertie 8 , however, there is the further 
possibility that a surface layer of solid may be melted, either by pressure 
melting or by frictional heating, when the mass of the solid is still frozen 
and hard. If the melted fluid is present in sufficient quantity and possesses 
a low viscosity, the conditions may become those of lubricated sliding and 
lead to a large reduction in the friction. This effect would naturally be most 
marked for those substancjes which retain their rigid character at tempera¬ 
tures close to the melting-point, and which give a liquid of low viscosity on 
melting. Ice is a solid which has these properties, and it is well known that 
the friction of solids on ice and snow is very low. The suggestion has often 
been mode that, in skating or ski-ing, the surfaces are lubricated by a layer 
of water formed by pressure melting (e.g. Reynolds 1901 , p. 737), but few 
measurements of any sort have been mode either to support or to disprove 
this suggestion. 

Pressure melting. Experience shows that ski slide quite readily on snow 
at - 20® C. If we consider that the ski makes contact with the snow over 
the whole of its under surface (neglecting the tip), the pressure for an 
average man of 75 kg, weight on ski of area 5000 cm.® is 16 g./om.®. This 
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pressure can only form a water layer if the snow were at — 0*00012^ C or 
a higher temperature. The real area of contact is of course less than the 
apparent area. In the case of metals the real area may be a minute fraction 
of the apparent area of contact, and the mutual pressure between the two 
surfaces may be the flow pressure of the metal (Holm 1929; Bowden and 
Tabor 1939). With a powder such as snow, which can pack down and con¬ 
form to the shape of the ski, we might expect the area of contact to be 
greater—perhaps not less than 1/1000 of the area of the ski. If this were 
the case then the pressure is still only great enough to melt snow at 
— 0*12'^ C. In order to have a sufficient pressure to melt snow at the low 
temperature of — 20*^ C, the real area of contact must be less than 
0’031 cm.2, i.e. about 1/100,000 of its apparent area. 

These calculations of the pressure melting are made on the assumption 
that the pressure is applied equally to the solid and to the liquid phases. 
Poynting ( 1881 ) lias pointed out that if the pressure is applied to the solid 
alone, the lowering of the melting-point is about 11J times as great. This 
effect and its bearing on flow pressures has been discussed by Johnston 
{1912) and Jeffreys (1935). We cannot, on theoretical grounds rule out the 
pressure-melting theory, but if it is true it means that the real area of con¬ 
tact is extremely small. The pressure itself is, of course, not sufficient to 
cause melting. Heat must be supplied from some source which is at a higher 
temperature than that corresponding to the equilibrium melting pressure. 

Melting due to fricMonal heating. There is, however, another possible 
cause of surface melting, that is the frictional heat liberated at the sliding 
interfaces. Earlier work (Bowden and Ridler 1936; Bowden and Hughes 
1937) has shown that this frictional heat may raise the surface temperature 
of sliding metals to a high value and may cause local melting and flow of 
the solids. In the case of a ski sliding on ice at ~ 20 '' C, for example, if the 
coefficient of friction is — the amount of frictional heat liberated 
when the ski moves forward a distance of 1 cm. is given by 


Q 


_fiMg 
^ J 


0-05 X 37*5 X 981 X 1000 
4-18x107 


= 0-044 cal. 


This heat is concentrated at the points of contact of the snow crystals. 
If the ski were making intermittent rubbing contact over its whole area, 
this heat would be sufficient to raise from - 20 to 0® C and to melt a layer 
over 6 mol. in thickness over this area. In actual fact, the real area of 
contact must be very much less, and the heat is concentrated at the points 
of contact of the snow crystals. Again we do not know the zeal area of 
contact, but if the area of contact is taken as 0-1 cm.*, then the thickness 
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of the water layer melted would be 5*6 x 10""® cm. or 1-7 x 10® molecular 
layers. It is clear that a great part of the heat must be lost by conduction 
from the points of contact to the surrounding snow and to the ski. These 
crude calculations cannot be taken very seriously but they do show that 
the frictional heat liberated is considerable, and that the retention of a 
small fraction of it may be sufficient to cause local melting at the points of 
contact of the snow or ice crystals. 

This paper describes an investigation of the experimental laws which 
govern the friction of solids sliding on ice and snow. The work shows that 
these laws bear a general resemblance to those observed for other solids, 
but there are important differences. Experiments were undertaken to de¬ 
termine whether a water layer is formed at all, and if so, whether it is due 
to pressure melting or to frictional heating. The results show that at very 
low temperatures (— 140° C) the friction of ice is high, and is of the same 
order os that observed for other unlubricated solids. At higher tempera¬ 
tures, however, the friction decreases and there is evidence that partial 
lubrication by a water film may occur. The results suggest, that, although 
pressui'e melting plays some part, the low friction observed for rapidly 
moving solids on ice and snowls due in a large measure to the melting of a 
water layer by frictional heating. 

Expebimental 

The experiments were carried out in an ice cave dug out of the ice above 
the Research Station at the Jungfraujoch, 3346 m. in Switzerland. The 
temperature of the cave never rose above — 3° C. Since the air is very pure 
at these altitudes, the danger of contamination of the surfaces by grease 
and vapour was very slight. 

The apparatus used to study the friction is shown in fig. 1 . It is similar 
in principle to that previously described by Bowden and Ridler ( 1936 ). 
A horizontal turntable (C) of copper carried the lower surface of ice or 
snow. This turntable was hollow, and could be filled with cooling agents 
such as solid carbon dioxide or liquid air, so that the film of ice on top of it 
could be cooled to any desired tem})erature. The upper sliding surface (/) 
was attached to the arm (A), The other end of tliis arm was held in gimbals 
( 6 r) so that the sliding surface could move freely in a horizontal or a vertical 
plane. The load was applied by fitting weights in the cup (L). When the 
lower surface rotated the frictional force between the two surfaces would 
tend to drag the upper surface with it. This movement was prevented by 
a fine thread fastened to the upper slider at Z, and attached at the other 



283 


The meehamsm of sliding m ice and snow 

end to a flat spring. The deflection of this spring gave a measuie of the 
frictional force between the two surfaces. It was measured by a beam of 
light reflected from a mirror attached to the spring. 



The gimbals were mounted on the brass block {M) which could slide 
along the brass rail (F). This block was fitted underneath with a rack strip, 
and could be propelled along the rail by means of a small pinion (¥) on the 
tap (T). This sliding block also carried the vertical flat spring used for 
measuring the friction, and this was so arranged that its scale reading was 
not affected during the sliding of the block. When the tap (T) was turned, 
the upper slider (/) moved nearer to the centre of the turntable, so en¬ 
abling the surfaces to run in a fresh track. 
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The apparatus was so designed that the sliding surfaces were com¬ 
pletely enclosed in the glass cylinder (P) which could then be evacuated. 
The turntable (C) was connected to the rotor (P) of an induction motor by 
the vertical steel shaft (P). These two metal components were thermally 
insulated from one another by the block of vulcanite (X) secured by 
tapered pins. The rotor was separated from the stator (<S) of the induction 
motor by a glass sheath sealed on to the flat steel base plate (P). This 
arrangement enabled the lower surface to be rotated in a vacuum. A num¬ 
ber of experiments on the friction of ice surfaces were carried out in the 
absence and in the presence of air. No difference in the behaviour was 
observed, showing that the air of the laboratory caused no appreciable 
contamination of the surfaces. 


Results 

The friction of ice on ice 

The lower surface of ice was formed by running a film of water on to the 
turntable and allowing it to freeze. The table was then set in rotation and 
the ice surface was planed smooth with a small plane. The small upper ice 
surface (/) was frozen on to a copper plate which formed the base of an 
ebonite cylinder (E). 

The influence of load on the friction. 

The sliding speed was maintained constant at ca. 400 cm./sec. and the 
effect of load on the friction was investigated. Fig. 2, curve a, shows the 
results obtained with ice cooled to — 3° C. Over a certain range of loads 
(0“200 g.) there was a linear relation between the frictional force F and the 
applied load W showing that the coefiFicient of kinetic friction was 
constant. In this case was equal to 0*032. At higher loads the curve 
became concave to the W axis showing that decreased with higher loads. 
This type of curve was always obtained with ice surfaces cooler than 
Curve b shows a typical result for ice at —27'^C. The general 
relation is the same but the friction is higher, fif ^« 0-064. If the ice was 
at 0° C, however, and the surfaces were allowed to run in the same track 
for some time, a different behaviour was observed (curve c). Under these 
ciroumstonoes the coefficient of friction increased at heavy loads and 
with the time of running. An examination of the surfaces showed that a 
thick film of water had formed on them. If this thick film of water was 
wijied off the lower surface with cotton-wool or was frozen with a block of 
carbon dioxide, the friction immediately fell again. If water was then 
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added to the eur&ce the friction again rose. The addition of a small quantity 
of water to ice at 0® C, for example, raised the friction from 0*024 to 
/tfc w 0-076. When this water was removed by freezing, the friction im¬ 
mediately fell to its initial value. This shows that the presence of a thick 
layer of water increases the friction between the rapidly moving surfaces. 
This thick layer can be formed by prolonged running on ice which is very 
nearly at 0° C. In order to prevent disturbances due to this effect measure¬ 
ments were made with short runs. 



Fio. 2. The relation between the frictional force {F) and the load {W) for ico sliding 
on ice. Curve (a) mean surface temperature — 3*3° C; curve (6) mean surface tempera¬ 
ture “*27*6"; curve (c) moan surface temperature O'"; long runs with the surfaces wet. 

The influence of the area of contact on the friction. 

The apparent area of contact was varied by changing the size of the top 
surface. It was not easy to carry out the experiments under identical con¬ 
ditions, but the results of a number of experiments are shown in Table I. 
The sUding speed in each case was 400 cm./sec., and the range of loads was 
from 0 to 300 g. The apparent area of contact varied from 0*02 to 3-1 cm.*. 

Owing to the difficulty of carrying out these experiments under exactly 
oomparable conditions, the results must neoesaarily be only approximate. 
It will be seen, however, that although the apparent area of contact was 
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altered by a factor of 150, the coefficient of friction ahowed little change ; 
this has also been observed with other solids (Beare and Bowden 1935 ). 

If the ice was near 0 *^ C and the upper surface was curved, prolonged 
running again caused an obvious melting or wearing away, so that a flat 
was worn on it and the area was increased to a large value. This hod little 
effect on provided that a thick film of water was not allowed to form on 
the surface. If this thick film did form the friction again rose to a high 
value. 

Table I 


Exp. no. 

Apparent area 
of contact 
cm.* 

Mean 

temj>erature 

OQ 


1 

0-6 

-1-4 

0019 


2-3 

-20 

0019 

2 

0*6 

-30 

0017 


2-5 

-30 

0019 

3 

002 

- 1 to - 10 

0*010 


31 

-30 

0021 


The influence of temperaHre cm the friction. 

If the low friction on ice is due to the formation of a thin water film, 
we should expect the friction to be a function of the temperature. The film 
would be more difficult to form at low temperatures and the friction should 
be higher. This is true whether its mechanism of formation is by pressure 
melting or by frictional heating. Experiments were carried out to in¬ 
vestigate this point. 

Both the ice surfaces could be cooled with liquid air or with ether and 
carbon dioxide. In practice, the surfaces were cooled to a low temperature 
and the friction measured at different intervals of time as the surfaces 
warmed up. The surface temperature of the ice was measured by pressing 
a s})edal thermo junction of small heat capacity against the stationary 
surfaces, and the temperatures recorded are the mean of the temperatures 
taken before and after the friction measurements. The results for different 
loads are shown in fig. 3. The sliding speed in each case was 400 cm./sec. 
The friction at each tem|?erature was measured with a variety of different 
surfaces and areas of contact. The values showed some variation and each 
curve is the average of a large number of determinations. It will be seen 
that in each case the kinetic friction increases as the temperature falls. 
Fig. 3, for a load of 130 g., for example, shows that the friction at — HO^'C 
may be some five or six times greater than it is at 0 " C. The value of the 
coefficient of friction — 0 * 11 ) at these low temperatures is of the same 
order of magnitude as that observed on other crystalline solids. Hutchison 
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(1938 tmpaWiBhed) has shown that the friction on calcite is /t* » co. 0-2. 
In all three curves the effect of temperature on Motion is much greater 
from 0 to - 40“ C than over the range - 40 to -140° C. The effect of tem¬ 
perature is much greater on ice than it is on metals. Over the first part of 
the curve the average decrease in the Motion of ice for a 10° rise in tempera¬ 
ture was about 30 %. In the case of metals the decrease in the Motion for 
a 10° rise was only about 0’06 %. 



Flo, 3, The influonoe of temporatiiro on the kinetic friction between ice surfacee. 


Static aTid kinetic friction and the influence of speed. 

The value of p,, the static friction, depended on the time for which the 
surfaces were allowed to remain in contact. This was particularly true for 
temperatures close to the melting-point. If the. surfaces were allowed to 
stand in contact for some minutes at temperatures near 0° C, they became 
frozen together, and the force required to start motion was very great 
indeed. At temperatures well below the melting-point, this effect was not 
so marked. Although the values of the static Motion were not very re¬ 
producible and showed some variation at different points, it was possible 
to obtain some idea of its general behaviour. The relation between the load 
and the Motional force was similar to that observed for kinetic Motion 
(fig. 2). The FjW curve was at first linear showing that /t, was independmit 

VoL 17a. A. ig 
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of the load, but at heavier loads the curve became concave to the load axk, 
showing that becomes less at heavier loads. 

The efifect of tem|)erature on is shown in Table II. 

Table II 

Temperature,‘=’0 ... 0 -12 -71 -82 -110 

/e, 00^01/5 ()'3 0-5 0*5 0*6 

Provided the ice was not actually melting the static friction was always 
much higher than the kinetic friction, and was of the same order of 
magnitude as that observed on other solids. At — 12® C, has the value 
0*3 as compared with = 0-03 under the same conditions. The results 
show that the static friction decreases as the tem{)erature approaches the 
melting-point. At, or very close to 0® C, the results were very variable. If 
the ice was actually melting, so that a film of water was present, the force 
required to start the motion was very small indeed = 0*02). If, however, 
local freezing could occur, the static friction became too great for the 
apparatus to measure. 

When the surfaces were set in motion the friction fell to the charac¬ 
teristic kinetic value, and this value was not greatly influenced by the 
speed of sliding until the speed became low. At very low speeds the co¬ 
efficient of friction increased. An analysis of the sliding friction showed 
that, even at high speeds, ii^ was not constant but was fluctuating rapidly. 
It was clear that the surfaces were not sliding continuously, but were 
moving by a process of ‘‘stick and slip*', and the general behaviour was 
very similar to that observed for metal surfaces (Bowden and Leben 1939)- 
At temperatures near 0® C and at low speeds these fluctuations became 
very great indeed, and it was evident that an intermittent freezing together 
and breaking away was occurring. 

, If the pressure melting view is correct, there is no particular reason why 
the static friction should be so much higher than the kinetic friction. 
A water film should be present at the points of contact even though the 
surfaces are stationary. If, however, the water is melted by frictional 
heating we should exited the static friction to be very much higher than 
the kinetic friction. The results support the frictional heating meohaniem. 
At first sight it might be thought that the kinetic friction should be very 
dependent upon velocity, and should decrease as the velocity increases 
since the rate of heat evolution and of melting should be greater. This is 
true for the slider but is not true for the lower surface. The slider is con¬ 
tinuously moving forward on to a surface of fresh ice and the amount of 
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heat evolved per square centimetre of this surface is independent of the 
speed of sliding. 

The friction of other solids on ice. The influence of 
thermal conductivity 

Experiments were carried out to study the friction of other solid surfaces 
sliding on ice. It was of particular interest to determine the influence that 
the thermal conductivity of the ski would have on the friction at low tem¬ 
peratures. If sufficient pressure is applied to the ice to lower the melting- 
point to the actual temperature of the ice, it is, of course, capable of melt¬ 
ing. An appreciable quantity cannot melt, however, unless heat is supplied 
from some source at a temj^erature higher than the pressure melting-point 
equilibrium. Both the heat capacity of the ice and its thermal conductivity 
are small and this heat can most readily be supplied from some outside 
source. If the temperature of the atmosphere is higher than either of the 
ice surfaces, it could be supplied by conduction from the air. Under these 
conditions we should expect tliat the friction of a good thermal conductor 
would be less than that of a bad one. The friction of a brass ski on cold ice 
should be less than that of an ebonite one. 

If, however, the lubricating film is formed by frictional heating, the con¬ 
verse will be true. The frictional heat is liberated at the interface between 
the sliding surfaces, and if the ski is a good thermal conductor, it will be 
carried away rapidly and less will be available for surface melting. (See 
Bowden and Ridler ( 1936 ) for an experimental proof of tliis.) On this view 
the friction of a brass ski on cold ice should be greater than that of an 
ebonite one. Experiments were made to test these hypotheses, using solid 
brass and ebonite ski, 1*5 cm. long, 0*5 cm. wide and 0*5 cm. high. The 
results are shown in fig. 4. The sliding speed was again 400 cm./sec., the 
load was 130 g., and the temperature of the ice varied from 0 to - 70® C. 
The values again show^ed some variation and each curve is the average of 
a number of determinations. The friction of ice on ice is added for com¬ 
parison. 

At temperatures near 0 ® C the frictions of both ski were the same. At 
lower temperatures, however, the results showed that the friction of the 
brass was considerably greater than that of the ebonite. The lower the 
temperature the more pronounced this difference usually became. A similar 
effect was observed for higher loads (up to 600 g.). At the higher loads 
was lower for both substances than at lower loads os in the case of ice sur¬ 
faces, but the two curves again diverged and at low temperatures the 
friction of the brass was again greater than that of the ebonite. 


19-a 
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Some further experiments were carried out with a hollow ski so con¬ 
structed that its eflFeotive thermal conductivity could be altered while the 
actual sliding surface was always of the same material. A hollow frame of 
ebonite was made in the shape of a ski and the bottom was covered with a 



Fig. 4. Tlie influence of temporatiure on the friction of brass, ebonite and ice 

sliding on ice. 

thin copper sheet. If the air on top of this sheet were displaced by filling 
the ski with mercury, the thermal conductivity and heat capacity would be 
considerably increased. The results in Table III show that the coefficient 
of friction of this ski on cold ice was increased by a factor of when 

the mercury was added. 


Table III 


Metal (no mercury) 

Copper 0022 

0027 
0032 
0‘032 
0^021 


(mercury on ski) 


0-031 

1-4 

0034 

1*3 

0-043 

1-3 

0-054 

1-7 

0-020 

1^0 


Conatantan 
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, The thermal oonduotivity of oonstantan (0-054) is considerably less than 
that of copper (0-02), and when the copper was replaced by constantan it 
will be seen that the addition of mercury had little effect. 

These results provide strong evidence for the view that Motional heating 
plays a large part in the formation of the lubricant water film. 

Some measurements were also made with solid brass and ebonite ski 
heated to 10° C and placed on ice at 0 ° C. The values of the kinetic friction 
(sliding speed 400 cm./sec.) are shown in Table IV. 

Table IV 

Load 200 g. Load 1000 g. 

Brasa ski 0*010 0*005 

Ebonite ski 0*026 0*010 

In this case the heat for surface melting can be supplied by the ski itself 
since this is above 0"^ C. It will be seen that the good thermal conductor, 
brass in this case, now gives the louder friction. Under these conditions, 
when the temperature of the ski is above 0° C, the static friction is also very 
low, ca. /ig = 0-006. 


The friction of hickory ski and the inflmnce of wax, 

A small hickory ski, length 4 cm., width 1-3 cm., and thickness 0*2 cm., 
was made and the lower surface rubbed smooth on fine emery paper. The 
general behaviour of this ski was similar to that of the other substances, 
except that /ij^ was considerably higher at all temperatures. The ski was 
then waxed with a thin layer of Sohm’s Red Gleitwax, and its friction again 
measured. The effect of wax on the friction of a small brass ski was also 
studied, and the results are shown in Table V. 


Table V 

Load 200 g. 


Natiire of ski surface 

Temp. -3'^C 

Temp, -r 

Unwaxed hickory 

0*08 

— 

Waxed hickory 

0*03 

0*04 

Unwaxed brass 

0*030 

0*05 

Waxed brass 

0*025 

0*046 


The results show that the friction of a hickory surface is reduced to about 
half its value by a layer of wax. The friction of brass at temperatures near 
the melting-point is already low so that the addition of wax has com¬ 
paratively little effect. At these temperatures there is little to choose 
between brass and waxed hickory as sliding surfaces, but at lower tempera- 
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tures when the friction of brass becomes high it is probable that the waxed 
hickory would be considerably better as a low friction ski. 

The electrical conductivity of the surfaces during sliding. 

If a water film is formed during sliding, we might expect that the electrical 
conductivity of the surface would change. Two small copper electrodes 
were set into the bottom of the ebonite ski, and the surface was ground 
flat and polished. The near edges of the electrodes were separated by a 
distance of 0*2 cm. 

The turntable was cooled down to a low temperature and water cc^- 
taining 0*5 % potassium chloride was poured on to it. This immediately 
froze to a thin film of ice and the freezing was so rapid that little separation 
of the salt could occur. The ski was then placed on the stationary surface 
and a load applied. When the surfaces were cold, the conductivity was less 
than 6 x 10^’ mho. The surfaces were then set in motion and the surfaces 
allowed to warm up. The friction gradually fell as the temperature rose, 
and the value of the friction indicated that surface melting was occurring. 
The electrical conductivity at first showed little change and the results 
suggest that the melting was taking place only locally at the isolated points 
of contact. In the neighbourhood of the melting-point, however, there was 
a sudden rise in the conductivity to about 5 x 10"® mho, showing that the 
water film had become continuous between the two electrodes. This film 
was still invisible, and under these conditions the friction had the low 
value of fif, - ca. 0‘03. 

If we consider the composition of the remelted liquid to be the same as 
that of the original solution—a drastic assumption—we may make an 
approximate estimak^ of the thickness of the film. The specific conductivity 
of 0-5 % {iotassium chloride at O'" C is ()’005 mho/cm. The dimensions of the 
film are 0*2 x 0*3 x d cm. where d is the thickness. Since the observed con¬ 
ductivity was 5 X 10“® mho, the thickness d of the liquid film is equal to 
m. 7 X 10“^ cm. This is a reasonable order of magnitude. 

Friction on snow surfaces 
Experiments with the model ski. 

Experiments were also carried out on snow surfaces. The snow used was 
finely crystalline snow which had fallen two days previously outside the 
laboratory. It was placed on the turntable and pressed down with a cold 
glass plate. It was not possible to run the turntable at high speed under 
such conditions because the snow was flung off. The experiments on sliding 
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friction were then made at a sliding speed of about 10 cm./sec* The small 
ski of brass, ebonite, and hickory were used. 

The general behaviour was very similar to that observed on ice, except 
that the friction was always higher. For example, the fiietion of waxed 
hickory on snow was compared with = 0-04 for ice at the 

same temperature. This higher friction is almost certainly due to the extra 
mechanical work of displacing and compressing the snow. The friction was 
again independent of the load, provided this w^as not too great. At heavy 
loads the FjW curve became concave to the W axis, as before, showing that 
the coefficient of friction decreased under these conditions. The effect of 
velocity was not investigated in detail because of the difficulty of rotating 
the surfaces at high speeds. There was evidence, however, that the friction 
decreased considerably at high speeds. The friction was again dependent on 
the surface temperature of the snow and increased as the temperature fell. 
Table VI shows some typical results for waxed hi(;kory at different tem¬ 
peratures. 

Table VI 

Temperature,0 ... 0 —3 ca. —10 -40 

//fc 004 009 0 18 0*4 

It will be seen that the friction becomes very high at low temperatures. 
On the other hand, if the snow was very wet so that the ski was sliding on 
‘"slush”, then the friction observed, //^ = 0-14, was higher than that on 
“dry” snow at O'" C. This is similar to the results obtained on wet ice. It is 
in agreement with the practical experience that ski run comparatively 
slowly on very wet snow. 

Experiments with real ski, 

A pair of hickory ski were waxed with Sohm’s Red Gleitwax and lashed 
together. The load was applied to the centre of the ski by adding rocks of 
known weight. The experiments were carried out on a level plateau outside 
the cold laboratory. The snow, which was about two days old, was finely 
crystalline, and was similar to the snow used in the earlier laboratory ex- 
f>eriments. The experimental work was conducted between 10 a.m. and 
12 noon, and the sun was obscured by a slight mist. The snow was at 0° C, 
and towards the end of the experiments some surface melting had occurred. 

The force required to pull the ski along was measured with a spring 
balance. The ski were slid in their own tracks, so that the force of cutting 
their initial track was not included in the friction. In order to eliminate 
any errors due to the tracks not being level, the ski were reversed after 
each measurement, and the values of the friction given are the mean of 
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these two measurements. Both the static and the kinetio firiotacm were 
measured, and the results are shown in fig. 5 for a range of loads. The 
sliding speed for the kinetic friction was about 10 cm./aec. 



It will again be seen that Amonton’s law is approximately true’for both 
static and kinetic friction. The value of the static friction, //, = 0-08, was 
higher than that of the kinetic friction, /t* = O-OO. Both the static and 
kinetic friction were lower than for the model ski on snow in the laboratory. 
We should anticipate such a result, since the mechanical eflFeot of dis¬ 
placing and packing the snow is relatively greater for the small ski. 

After the ski had slid over the track many times and some slight surface 
melting had occurred, the kinetic friction fell to a lower value, /** = 0-04. The 
static friction under these conditions was also less, and did not dift’er greatly 
from the kinetic, = 0*045. 


Disocssion 

Those experiments show that, although the static friction on ice at a few 
degrees below its melting-point may be of the same order of magnitude as 
that observed on other solids =0*3 to 0*5), the kinetic friction is very 
much lower * 0*02 to 0*03). This is even lower than the frictions ob¬ 
served between metals lubricated under boundary conditions. 
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The kinetio friction mereaaes as the ice is cooled down, and on very cold 
ice at —140^ C, it rises to values as high as « 0 - 12 . At any one tempera¬ 
ture the kinetio friction shows approximate agreement with the same 
general laws observed with other solids. The coefficient of kinetic friction 
/ijfc is nearly independent of the apparent area of contact, it is nearly inde¬ 
pendent of the load provided that this is not too heavy, and it is not greatly 
influenced by the speed of sliding provided this speed is not too slow. 

The experiments suggest that the low kinetio friction of ice is due to sur¬ 
face melting. Measurements of the electrical conductivity of cold ice sur¬ 
faces show that the melting occurs only locally at the points of contact, and 
the water film is not continuous. When the temperature is at, or is very 
close to C, however, the electrical conductivity of the moving surfaces 
may rise to a high value showing that the water film becomes con¬ 
tinuous. 

It has often been suggested that the melting is caused by pressure melt¬ 
ing. Calculations show however that at low temperatures this is unlikely, 
even when allowance is made for the difference between the real and 
apparent areas of contact. On the other hand, some elementary calcula¬ 
tions of the amount of frictional heat liberated suggest that this may cause 
local melting at the points of sliding contact. The experimental lesults, 
particularly those showing the influence of thermal conductivity on 
friction, indicate that this latter view is correct. The results suggest that, 
although pressure melting may play some part, the low friction observed 
for rapidly moving solids on ice is due in a large measure to local melting 
by frictional heating. 

The results on snow are very similar to those on ice, except that the 
friction under any given set of conditions is greater. This is due mainly to 
the extra work of displacing and compressing the snow. 

The observations have an interesting bearing on sledging and ski-ing. 
No quantitative measurements of the friction of sledges seem to have been 
published, but there is general agreement that the friction increases at low 
temperatures. Many arctic explorers, Wright ( 1924 , p. 44), J. M. Scott 
( 1933 , p. 273), Cherry-Garrard ( 1922 , pp. 46fl~7), have recorded that at 
very low temperatures, — 30 to - 40"" C, the friction between the snow and 
the runners became so great that the sensation was that of pulling a sledge 
over sand. Wright, summarizing the conclusions of the Scott Polar Expedi¬ 
tion of 1011-13 says: 

“Quite apart from any question of the hardness of the snow, however, 
the surface temperature has an important influence. Our opinion was that 
the friction decreased steadily as the temperature rose above zero Fahren- 
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heit (" 18"^ C), the presence of brilliant sunlight having an effect, which was 
more than a psychological one, on the speed of advance. With air tempera¬ 
tures above freezing point, however, there was some danger that snow 
would melt in contact with the runners, and subsequently freeze in lumps 
to increase the friction notably. Below zero Fahrenheit { —18°C) the 
friction seemed to increase progressively as the temperature fell, os if a 
greater and greater proportion of the friction were due to relative move¬ 
ment between the snow grains and less to sliding friction between the 
runner and snow.” This steady increase in friction as the temperature of 
the ice or snow falls is clearly shown in fig. 3. The effect is less marked at 
very low temperatures, and it is probable that below —40° C very little 
surface melting occurs under these conditions. 

The influence of the thermal conductivity of the sliding body on the 
friction, shown in fig. 4, is also borne out by practical experience. It will 
be seen from this figure and from Table III that at low temperatures the 
friction of a good thermal conductor is considerably greater than that of 
a poor one. Nansen ( 1898 , pp. 445-fi) compared two sledges, one having 
nickel plated runners and the other maple runners. The temperature was 
low, the exact value is not given but the mean temperature during that 
month was ~ 36*8° C (— 34*2° F). He found that the friction of the metal 
was higher, ‘‘the difference was so great that it was at least half as hard 
again to draw a sledge on the nickel runners as on the tarred maple runners 

The thermal conductivity is also important in ski-ing. Nowadays most 
ski are fitted with brass or steel edges, although sometimes vulcanite or 
composition edges are used. The friction measurements show that the 
latter will be faster at low temperatures. If metal must be used, one of low 
thermal conductivity such as German silver or constantan should be 
better. 

Waxing may reduce the friction of a hickory surface very considerably, 
and it is probable that the main effect is due to the substitution of a 
hydrojdiobic surface for a hydrophilic surface. It is clear that, in addition 
to this, a very imj)ortant property of a wax is its ability to adhere to the 
wood at the local points of rubbing contact. Since the friction of the bare 
hickory is very liigh the local removal of wax from the small points of the 
surface irregtilarities may cause a comparatively large increase in the 
friction. The ability of the wax to flow over the surface and to repair the 
local damage may also be an important factor. In practice waxes differing 
very widely in physical and chemical properties are used under different 
snow conditions. No systematic investigation of the friction and behaviour 
of different waxes has so far been made. 
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Summary 

Experimental studies of the friction on ice surfaces have shown that the 
low frictions observed at temperatures near the melting-point were due to 
lubrication by a thin water film at the points of contact between the sliding 
surfaces. The coefficient of kinetic friction was found to be independent of 
the load, apparent area of contact, and sjjeed of sliding over a certain 
range. When the temperature of the ice was decreased, the friction rose 
markedly as the water film became more difficult to form. Using ski of 
various materials, it was observed that the friction de]>ended very largely 
on the thermal conductivity of the ski. This result suggested that frictional 
heating played a large part in melting a water film during sliding; it had 
been previously considered that j)res8ure melting was alone responsible for 
the formation of this water film. 

Experiments with miniature and real ski on snow surfaces showed that 
the same general laws were obeyed as on ice surfaces. The higher frictions 
obtained on snow were attributed to the extra work done in displacing and 
compressing the snow crystals. 
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The action of ultra-violet radiation on barium and 
strontium azides 

By W. E. Gabner, F.R.S. and J. Maggs 
{Received 22 May 1939) 

[Plate 15] 

The alkaline earth azides decompose at appreciable rates at temperatures 
above 100 ° C, and the reactions which occur are of the accelerating type 
increasing in speed as the Oth-Sth x)Ower of the time, there being a marked 
induction period during which the reaction occurs at a negligible rate 
(Harvey 1933 ; Marke 1937 ; Maggs 1939 ). The decom{) 08 ition is accelerated 
and the length of the induction period shortened when the solid is acted 
upon by /ff-rays at room temperature before the heat treatment (Gamer 
and Moon 1933 ; Maggs 1939 ). It was, therefore, possible that ultra-violet 
light would cause an acceleration of these reactions in a similar manner. 
Muller and Brous ( 1933 ) have shown that sodium azide is decomposed by 
ultra-violet light at a rate which is proportional to the intensity and that 
the threshold wave-length for the decomposition is around 405 rtifi. In 
the present investigation it is shown that barium and strontium azides are 
decomposed by ultra-violet light at room temperature and that the thermal 
decomposition of these substances is accelerated by pre-treatment with 
this radiation. 


Experimental 

The azides were prepared by suspending hydroxides of A.R. quality in 
water and passing hydrazoic acid through the suspension, by the method 
described in previous papers. The barium azide was obtained as the mono¬ 
hydrate in flat needles, which lost water over anhydrous calcium chloride. 
The strontium azide was obtained in crystalline aggregates and could not 
be prepared in the form of single crystals. The strontium azide was em¬ 
ployed mainly in the ground state 

Apparatus 

This was similar in construction to that employed by Harvey ( 1933 ). 
It was, however, made entirely out of pyrex and silica so that it could be 
readily torched to remove adsorbed gases. The reaction was followed by 
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measurement of the nitrogen evolved on a McLeod gauge. The reaction 
vessel was separat/ed from the gauge and vacuum pumps by a liquid-air 
trap to prevent mercury reaching the crystalline azide. Several types of 
reaction vessel were used, of which the jRnal form is 
described below. This consisted of a pyrex tube (fig. 1 ) 
mounted with a winch A at the top, by which a silica 
bucket containing the azide could be raised or lowered 
into the heated part of the reaction vessel. The middle 
portion of the vessel, jD, was encased in a steam-jacketed 
electric furnace and was maintained at constant tem¬ 
peratures ranging between 100 and 130*^ C, The lower 
part of the reaction vessel, C, was closed at the bottom 
with a silica cell which possessed a plane window, and 
could be detached at will from the main part of the 
reaction vessel at a ground joint. At the beginning of 
the experiment, the azide was placed in a silica bucket 
and suspended from the winch so that it rested on the 
plane window at the bottom of the cell. It was then 
illuminated at a temperature determined by the water 
circulating through F (fig. 2 ), and after illumination 
rapidly raised to the furnace level and the rate of reaction 
followed on the gauge. F was a Compur camera shutter 
having a range of speeds from 1 to sec., and D, C 
and B were filters used for separating out various wave- ^ 

lengths of a mercury arc spectrum. A was a quartz 
mercury arc, the Hanovia S 600, running off 210 constant voltage supply 
and generating 176 /fW/cm.® at 40 in. distance (from 3200 A downwards). 
It was necessary to run the arc for 15 min. before it reached a constant 
intensity, and therefore to scjreen the substance by a shutter during this 
preliminary i>eriod. 

For dividing the ultra-violet s^ctrum into various wave-lengths, a 
series of filters described by Bowen ( 1935 ) was used. TheNi 2 (SO 4 )a- 0 Oa(SO 4 )s 
filter was placed in the silica flask B, chlorine gas placed in the silica cell C, 
and various other solutions in 2 ). 

Absorption spectra 

Attempts were made to measure the threshold for absorption for 
crystals of barium azide and strontium azide. Since the crystals are 
opaque, the reflected light from the powdered crystals was studied, but 
no success was obtained by the methods employed. It was therefore 
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decided to study the absorption spectrum of potassium a^ide, which could 
be obtained in transparent crystals of fairly uniform thickness. A crystal 
of about 0'5 mm. thickness was mounted on a Hartmann diaplnagm 
(three“a})erture wedge) by means of soft red wax. Photographs were taken 
through the crystal of the spectrum of a 15,000 V iron tungsten arc. 



0 5 10 cm. 
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A 
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Exposures of 10 , 20, 80, 160 and 320 sec. were given, and coinj>ari8on 
spectra of the arc (1 sec. exposure) were made before and after the above 
series. From the spectrograph it was seen that there was a very strong 
absorption band commencing at 2600 A and continuing into the far ultra¬ 
violet. 

Some measurements were also made of the extinction coefficients of 
aqueous solutions of strontium azide, 0'66 n, and also diluted 10, 100, 
1000 and 3000 times resiiectively. The results are given in fig. 3, which 
shows that there is an absorption edge in the neighbourhood of 2700 A. 
The question arises as to the nature of the particles which are responsible 
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for the absorption. It is probable that the absorption is due to the ions, 
and in order to test if this were the case, the absorption spectra of aqueous 
solutions of hydrazoic acid were also measured. The graph, extinction 
coefficient against wave-length, is shown in fig. 4. The extinction coefficients 
are much smaller in this case, especially for the shorter wave-lengths, as 
would be expected if the absorption were due to the N 3 ions, since the 
dissociation constant of fiNg is only 1-2 x at 20 "" C, whereas that of 
strontium azide must be very much larger. There is, however, a marked 
band in the HN 3 spectrum at 2700 A, which is absent in that of SrNfl. 
This band is possibly due to unionized N 3 , especially since a band in the 
same region is claimed for the azido group in azido compounds by Kuhn 

(i 929 » 1930)- 

It has been shown, therefore, that absorption first becomes appreciable 
in solutions containing the N 3 ion at 2700 A, and in a solid containing this 
ion at 2600 A. There is, however, no very sharp absorption edge in either 
case. 

Photocheynical reaction 

A series of experiments was carried out to determine the threshold of 
the light necessary to produce an acceleration of the thermal decomposition. 
A thin, slightly compressed layer of ground strontium azide was placed in 
a silica bucket and illuminated by the arrangement shown in fig. 2. The 
thermal decompositions were carried out at 101-3° C, and at this tem¬ 
perature the induction period without pre-illumination is 120 ± 3 min., the 
induction period being arbitrarily taken as that required to give a nitrogen 
pressure of 10 "^ cm. 

A series of experiments is shown in fig. 5, where log p is plotted against t. 
The curves are not all on the same time scale, it having been necessary to 
shift 1, 2, 3 and 4 along the time axis. The amount of shift can be found 
from the induction periods given below. A typical experiment without 
illumination is shown in curve 1 . In this case the induction period was 
117 min. The form of the curve which is obtained when the heating is 
carried out with the powder in a silica bucket is very different from that 
when a crystal is heated in a platinum bucket, as was done in the earlier 
investigations. In the latter cose, a good straight line is obtained between 
p “ 10 “^ and 10 ““® cm., but for experiments in the silica bucket, the 
is always curved as in fig. 6 . It is found that this curve is 
closely given by the relationship log dpjdt « n log p 4 - const., where n varies 
between 0*7 and 1 - 0 , according to circumstances. The presence of small 
amounts of nitrogen initially has no effect on the form of the curve, so that 
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the curvature at low pressures is not due to the absorption of nitrogen. 
This curvature is possibly due to the slow escape of nitrogen from the 
crystal in the early stages of the reaction. 



The powder was pre-illuminated for 60 sec. with light at a number of 
wave-lengths, the lamp being placed 28 cm. from the crystals. The results 
are plotted in fig. 6 and summarized in Table I. 

Table I 


Wave-length 

Induction 


A 

period 

Remarks 

1 Nil 

117 


2 3340-3030 

124 

Curve very similar to 1 

3 3340-2660 

120 

Bump at 6 X 10“® cm. Hg 

4 2820-2660 

100 

Bump at 5 X 10 ^ ^ cm. Hg 

6 2660-2480 

102 

Bump at 6 x 10”* cm. Hg 

6 2820-2480 

82 

— 

7 3340-2480 

70 

— 

The bumps seen on the curves for 3, 4 and 6 were never observed for 


decompositions carried out without pretreatment with ultra-violet light. 
Their form was not, however, strictly reproducible. They are most probably 
due to bursts of nuclei produced by ultra-violet light which, at particular 
pressures, become of sufficient importance to affect the p-t curves. The 
initial rise on 4 is an irreproducible effect, the nature of which has not been 
traced with certainty. 
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No effect of ultra-violet with wave-length greater than 3030 A has been 
observed. Radiation between 3030 and 2650 A does not affect the in¬ 
duction period appreciably but causes a bump at 5 x 10"® cm. A pro¬ 
gressively greater effect is found as the wave-length decreases. It is clear, 
therefore, that the threshold for photochemical action corresponds 
approximately with those for the ultra-violet absorption edge of the N 3 in 
solution and in the solid state. 

The experiments 1 , 5, 6 and 7 are plotted as logp against log i in fig. 6 ; 
2 , 3 and 4 lie too close to 1 to be plotted. It will be seen that the form of 
the curve is not much affected by the illumination, the main effect being a 
shift along the time axis. There is, however, a gradual change in the power 
relationship as the induction period is shortened, viz. from 6 to 8 over the 
range of log p, 4-3. 



log time 
Fig. 6 


Effect of pre-illumimtion with ultra-violet light on the length 
of induction period 

Experiments were carried out on the effect of variations in the time of 
illumination at room temperature, r, on the length of induction period, 
for strontium azide in the powder form, and on barium azide in the 
crystalline and powder form. The induction period was taken as the time 
required to reach a pressure of 10 “* cm. The results are summarized in 
Table II, 6-10 mg. of azide were employed. 

A few measurements were carried out with the strontium azide powder 
maintained at 40® C during illumination, but these gave values of 
agreeing with the results in Table II, It was also shown that there was no 
appreciable decay of the effect of the illumination after standing for 48 hr. 
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Table II 


2360-2820 A 

102 ° 

c 

r sec. 

0 

0-26 

1*0 

4-0 

18 

60 

66 

180 



on strontium 
ascide 



min. 

102 

80 

73 

58 

51 

45 

47 

42 



Full arc on 

102 ° 

c 

T see. 

0 

01 

0*2 

1*0 

5*0 

15 

60 240 960 3600 

strontium 

azide 



ti min. 

f 

90 

87 

73 

59 

51 

40 

31 

19 

8 

Full arc on 

110 ° 

c 

T see. 

0 

004 

0*2 

1 

5 

15 

60 

240 

1680 


powdered 

BaN, 



ti min. 


98 

85 

67 

58 

60 

33 

23 

10 


Full arc on 

110 ° 

c 

T sec. 

0 

0-04 

0*2 

0-5 

1*0 

5 

15 

60 

120 

240 

crystal of 



ii mill. 

145 

115 

101 

76 

67 

59 

49 

46 

37 

24 


BalSTg 

It should be noted that the results for powdered strontium and barium 
azides under the action of the full arc give very good straight lines when 
log r is plotted against . 

A few results have been obtained by Mr D. K. Peacock on the effect of 
predllumination with ultra-violet light on crystals of barium azide. The 
crystals were heated to 115® C in an apparatus similar to that described 
in the following paper by Dr A, Wischin, and the induction period measured 
by noting the time of the appearance of nuclei and these are recorded below. 

Table III 

Full arc on crystal r min. 0 0-5 1 1-5 2 2-5 3 4 

ofBaNj 59 45 40-5 39 35*5 30-6 26 24*5 

The character of the nuclei changed at about P5 min. illumination, 
individual nuclei being observed up to this time, but afterwards all that 
was observed was a black mist that suddenly made its appearance. 

Effect of variation in the intensity of ultra-violet light 
(by Mr D. K, Peacock) 

The radiation was passed through a diaphragm and a shutter placed 
(dose to the lamp and the distance of the lamp from the crystal varied. 
The pre-illumination given was in all oases 1 min. The length of the in¬ 
duction period before the apx)earance of nuclei at first decreases as the 
intensity increases, reaches a minimum, and then increases. The results 
given below are each the mean of three experiments, the intensities being 
given in arbitrary units. 

Table IV 

I 0 0-8 0-96 MS L40 1*65 ill 

ii 58 48 40 35 29 35 48 
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The intensity in the experiments given in Table III is 0-96 on this basis. 

There is thus a phenomenon which is analogous to that of solarization 
which occurs with the photographic plate on prolonged exposures to light. 

Tlie decomposition of crystals of barium azide at room temperature under 
prolonged exposure to ultra-violet light {full arc) 

In Exp. 211 (fig. 7) the crystal used weighed 6-1 mg. and was 3*3 mm. 
long and O-O mm. wide. There was an induction period of 25 rain, before 
the pressure of nitrogen became measurable, and then the rate of evolution 



Fro. 7 

of gas became linear, reaching 2 x 10~* cm. Hg after 180 min. A repetition 
of this run showed an induction period of 36 min. (Exp. 220). The occur¬ 
rence of an induction period is of interest, since it shows that the main 
photochemical reaction is occurring at the surface of nuclei which are 
formed only slowly by the action of light. When the nuclei have been 
produced in sufficient numbers, the reaction becomes stabilized at a steady 
rate. 
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Microphotographs 

An investigation was commenced into the parts played by the numbers 
of the barium nuclei and their rates of growth on the rate of liberation of 
nitrogen during the decomposition. Crystals of barium azide were mounted 
in a silica vessel with a plane silica window and heated by an electric 
furnace to 110° C approx. The apparatus will not be described in detail, 
since it was a preliminary form of that described by Dr A. Wiachin in the 
following paper. The results on the rates of growth were of a preliminary 
character only, but it was established that they increased in size at a linear 
rate. Photographs were taken on a Zeiss film camera (major 44) of the 
nuclei as they developed, and in fig. 8 (Plate 15) are shown typical photo^ 
graphs of crystals with no pre-illumination, and 1 sec. illumination with 
the lamp at 28 cm. from the crystal. It is clear from these photographs 
that there is an enormous increase in the numbers of nuclei after the t^at- 
ment with ultra-violet light. 


Effect of an electric field on the thermal decomposition of 
barium azide 

These experiments were carried out by Mr S. A. Perry. A crystal was 
mounted between two jwlished silver plates and held in position by the 
pressure of a spring. It was heated in a vacuum with and without a field 
across the plates, logp changed linearly with the time in all of the 
experiments. These are summarized below. 



Induction 

period 

min. 

Slope 

No field 

132 

0*028 

500 V/cm. 

135 

0026 

1260 V/cm. 

126 

0*028 


There is no material effect on the rate of reaction as a result of applying 
the field. Experiments carried out in which 1260 V/om. was applied to a 
crystal which was undergoing decomposition, showed that there was no 
appreciable change in the rate of decomposition due to the application of 
the field. 


Discussion 

The experiments carried out on the photodecomposition of azides are 
of a preliminary character, being devised with a view to making a broad 
survey of the field. Some of the sections will require further investigation 
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befoire the details of the xoaotion kinetics can be worked out. Sufficient 
has been done, however, to make it possible to establish the general 
features of the processes that occur. An understanding of the results 
obtained with ultra-violet light is only possible when the nature of the 
thermal decomposition is understood. An investigation on the nature of 
the thermal decomposition has been completed by Dr Wischin, and it will 
be relevant to this discussion to quote briefly the results obtained. 

In the early stages of the thermal decomposition of the alkaline earth 
azides, nuclei are formed which, over the range at which measurements are 
possible, increase in size at a linear rate. This means that the volume of the 
nuclei grows as the cube of the time. Also, it was shown that the numbers 
of nuclei increase at a rate which varies as the cube of the time. It can 
readily be deduced from these relationships that the rate of reaction 
should increase as the 6th power of the time, and this is approximately 
what is found, although when the reaction is followed by pressure measure¬ 
ments, sometimes higher powers—up to the 8th—are observed. This dis¬ 
crepancy may be due to a variety of causes which are referred to in Dr 
Wischin’s paper. 

The fact that the rate of formation of nuclei obeys the square law is an 
indication that this process is bimolecular. Professor Mott has suggested 
to us that nuclei are formed as a result of a slow surface decomj)osition of 
azide ions. This decomposition sets free barium metal atoms, which diffuse 
over the internal surfaces or through the lattice, and when two of these 
atoms meet, a nucleus is found. 

The rate of the interface reaction between metal and azide is very much 
greater than that of the decomposition of azide on the crystal surface, and 
the activation energy for the interface reaction is much smaller than that 
for the initial surface reaction. Therefore once nuclei are formed, the 
reaction occurs to a preponderating extent at the metal-azide interface. 

The effects of uUra-violet light on the induction period 

It has been shown that the principal effect of ultra-violet light on the 
pressure-time curves is to cause a shortening of the time which elapses 
before there is any measurable decomposition, i.e. there is a shift of the 
p4 curves to shorter times. The elope of the log p-log t curves, however, 
increases from 6 to 8 and this may be of some significance. Since in the 
purely thermal process, two barium atoms are required to form a nucleus, 
the above effect on the slopes may mean that in the photo accelerated 
procesB) the number of barium atoms required to form a nucleus is increased 
to 3 or 4. 
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A confirmation of this view is obtained when the effects of pre-illumina¬ 
tion on the length of the induction period are studied. If the sole effect of 
ultra-violet light be to increase the number of centres at which nuclei can 
be formed, then the number of nuclei formed during the initial period of the 
thermal treatment will vary as where n—l in the number of barium 



9. ® strontiimi azide, 2360-2820A; -f- strontium azide, full arc; 

□ barium azide, full arc. 

atoms required to form a nucleus. Let P, the predisposition to nuclei 
formation, be proportional to the time of illumination, r, then it can be 
shown that at the end of the induction period, const, r cm. 

Therefore r = const ,In %, 9 is shown a plot of logr against log for 
powdered strontium and barium azides. The initial slope of these curves 
ranges from 8 to 9, and therefore w — 1 is 4-6, in fair agreement with the 
number of barium atoms required to form a nucleus, which has been 
deduced from the pressure-time curves. There is, however, a departure 
from this relationship for times of illumination greater than 16 sec. when 
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the full arc is used, but not for illumination of light of wave-lengths longer 
than 2360 A. It thus appears that there is an additional effect of ultra¬ 
violet light where the wave-length exceeds 2360 A. 

Crystalline barium azide (fig. 10) also gives curves with similar slopes, 
although the individual values obtained for the induction periods are more 



Fio. 10. ® BaN, crystals at llO^C; + BaN, crystals at 116‘’C. 

erratic than for powders. The change of slope occurs for somewhat greater 
periods of illumination than for powders, viz. 1-1J min. In fig. 10 are also 
shown the results of Mr Peacock for an examination of barium azide 
crystals where the induction periods are measured by visual examination 
of the appearance of the nuclei. The change of slope in this case occurs at 
an illumination of 1 min. 

The results obtained above for illuminations less than 0'25-l’6 min. 
seem to require that but few nuclei are formed during the period of 




312 


W. E. Garner and J. Maggs 

illumination and that the majority of the nuclei are formed subsequently 
during the thermal treatment. A latent image is produced which is develop¬ 
able by thermal treatment into nuclei. For illuminations longer than 
1 min., a departure from r = kjt\ occurs which may be due to the formation 
of nuclei by the light. Assuming that this is the case, and that the nuclei 
are very small and all approximately of the same size, n may be taken as 
constant during the thermal treatment and r should vary as the reciprocal 
of Actually, the slope measured is less than 3, which is probably due to 
the growth made by the nuclei under the action of the light. The view that 
nuclei are formed during prolonged illumination with ultra-violet light is 
supported by the fact that it is in this region that solarization is observed 
and also by the results shown in fig. 7. The dej>arture from the normal 
relationship, however, occurs only with short ultra-violet and therefore 
appears to be an effect independent of that occurring in the early stages of 
the illumination and not derived from it. These nuclei, or the centres from 
which the nuclei grow, are produced in very large numbers by the action 
of the full arc, as can be shown by visual examination of the crystal during 
the thermal development. It is found that there is a very marked increase 
in the numbers of the nuclei after the point of departure from the 
relationship. After this stage the nuclei are no longer observed individually 
but as a black mist suddenly appearing in patches over the crystal. It is 
possible that they are formed not on the surface but in the body of the 
lattice by short ultra-violet and at first grow more slowly than those 
formed on the surface. However, on account of their large numbers, they 
are visible in mass earlier than the surface nuclei when the times of 
illumination exceed 1 min. 

The effect of ultra-violet light at room temperature 

The results shown in fig. 7 of the liberation of nitrogen under the action 
of ultra-violet light at room temperature prove that there is no measurable 
gas pressure until after 25-35 min. By this time presumably the numbers 
of nuclei which have been formed are sufficiently large for the bulk of the 
electrons liberated by the ultra-violet light to attach themselves to the 
nuclei. Consequently, the rate of evolution of nitrogen becomes pro¬ 
portional to the ultra-violet light absorbed and an approximately linear 
rate is observed. 

Activation energies 

Although the activation energy for the thermal process after treatment 
with ultra-violet light has not been measured, it has been shown by one 
of us (Maggs 1939 ) that the activation energies calculated from the log p4 
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curves are the same within experimental error both for the purely thermal 
process and for that accelerated by /(?-rays. These calculated activation 
energies are composed in a complex fashion of the activation energies of 
both nuclear growth and nuclei formation, and hence it would appear that 
the thermal processes occurring both with and without pre-illumination 
are of an essentially similar character. Although the treatment with 
/?-rays may not necessarily produce the same eflPects as ultra-violet light, 
the above may be taken as a guide, that the nature of the mechanisms 
occurring dxiring the heating of azides is probably not markedly affected 
by pre-illumination with ultra-violet light. 

A possible theoretical explanation of the above facts is that the nuclei 
are formed at holes in the lattice in positions normally occupied by Ng ions. 
It is assumed that these holes are present on the surfaces of the grains of 
untreated crystals, but they are also produced by ultra-violet light which 
causes the decomposition of N 3 ions. In order to account for the diverse 
effects of ultra-violet light, it is necessary to assume that there are at least 
two types of centres produced, one on the surface and the other in the 
interior of the grains. For the nuclei initiated thermally, the nuclei forma¬ 
tion will be brought about by the diffusion of barium atoms to these holes, 
there being required on an average two barium atoms per hole. In the 
case of the photochemically initiated nuclei, the surface cavities may 
require 3-4 barium atoms to form a nucleus, as is indicated by the fact 
that p ^ and t = k/i^. The nuclei formed at centres in the interior of the 
grains appear in larger numbers, but grow more slowly than the nuclei 
initiated on surfaces. Their formation apj^ears to be limited to wave¬ 
lengths < 2360 A. As a consequence of the occurrence of two nuclear types 
in the pre-iUuminated crystals, the curves in figs. 9 and 10 show a marked 
change of slope at the larger illuminations, due to the reaction in the 
interior of the grains overtaking that of the superficial reaction. This all 
occurs within the induction period of the curve fig. 7, which shows the 
rate of liberation of nitrogen by ultra-violet light at room temj>erature. 

We wish to express our thanks to Professor Mott for suggestions in the 
theoretical part of the paper and to Imperial Chemical Industries, Ltd., 
and to the Colston Research Society for grants for the purchase of 
apparatus. 

SUMMAKY 

L The threshold for the absorption of ultra-violet light by N 3 ions in 
solution and in the solid state is 2600-2700 A and that for the photo- 
chexnioal reaction is in the same region. 
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2 . Pre-illumination with ultra-violet light at room temperature shortens 
the induction period of the thermal process for BaN, and for short times of 
illumination t =« where is the length of the induction period. 

3. Prolonged illumination with light of wave-length shorter than 
2360 A produced nuclei of metallic barium at room temperatures. 

4. Solarization effects are observed in the region where nuclei are 
produced by the action of ultra-violet light. 

5. The thermal decomposition of BaN^ is unaffected by a field of 
1250 V/cm. 

6 . The general features of the reaction kinetics of the photochemical 
reaction are discussed. 


Refkrencks 


Bowen, E. J. 1935 J. C/wsm. Soc. p. 78. 

Gamer, W. E. and Moon, C. H. 1933 J. Chem. Soc, p. 1398. 
Harvey, F. E. 1933 Trans, Faraday Soc, 29, 663. 

Kuhn, W. 1929 Z, phys. Ohem. B, 4 , 26. 

— 1930 Z. phys. Chem. B, 8 , 284. 

Maggs, J. 1939 Trans. Faraday Soc. 35, 433. 

Marke, V. J. B. 1937 Trans. Faraday Soc. 33, 770. 

Muller, R. H. and Brous, Q. C. 1933 J. Chem. Phys, I, 482. 


The thermal decomposition of crystals of 
barium azide 

By a. Wischin, Ph.D. 

(Communicated by W, E. Garner, F.R.8.—Received 22 May 1939) 

Intbodxtotion 

In solid reactions of the type + the reactions are 

sometimes autocatalytic, being accelerated by the solid product. The solid 
product may be disseminated throughout the crystal in a diffuse maimer, 
as has been shown by the microscopical examination of partially decom- 
jKised crystals of mercury fulminate (Gamer and Hailes 1933 ) or potassium 
azide (Gamer and Marke 1936 ), or may be aggregated into visible nuclei 
as in the case of alkaline earth (Harvey 1933 ; Marke 1937 : Maggs 1939 ) 
or lead azides (Garner and Gomm 1931 ). 
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In previous investigations an induction period has been found during 
which the evolution of gas is negligible, which is followed by an accelerating 
rate of development of pressiire. For a certain period of the reaction the 
relationship of pressure and time is that of an exix)nential type which in a 
number of coses takes the simple form, log const. This expression 

is obeyed o ver the early part of the reaction for single crystals of mercury 
fulminate (Garner and Hailes 1933), barium azide (Harvey 1933), and lead 
styphnate (Hailes 1933). It also holds for silver oxalate (Macdonald 1936a, 
b) in a finely crystalline form and for ground mercury fulminate. Attempts 
have been made to account for the exponential relationship in terms of the 
spread of reaction chains throughout the crystal, but there are certain 
difficulties in the way of the application of the chain theory, especially 
when nuclei are formed. There are, besides, cases where this simple 
expression does not fit the experimental results, notably that of ground 
calcium (Marke 1937) and barium (Harvey 1933) azides. 

In the case of BaNg, which has been investigated in this work, nuclei 
are formed. Therefore the rate of development of pressure is determined 
by the rate of increase in numbers of the nuclei and by the rate at which 
these nuclei grow. The dependence of size as well as numbers of nuclei 
upon the time has been investigated for a range of temperatures. 

There have been few measurements of the rate of nuclei formation in 
physical and chemical changes occurring in the solid state. In a few oases 
the numbers of nuclei increase linearly with time, as for CuSO^.SHjO 
(Bright and Garner 1934) and chrom alum (Cooper and Gamer 1936), but 
for NiSO^.THgO (Garner and Southon 1935) the numbers increase as the 
square of the time. Kornfeld (1935) and Komfeld and Pawlow (1937) have 
found for the recrystallization of stretched aluminium wire that the numbers 
increase at a rate which varies between the first and the second power of the 
time. As far as the rate of growth is concerned, the nuclei in hydrate reactions, 
when above a certain size, increase in diameter linearly with time. If it be 
assumed for the decomposition of barium azide that the rate of progression 
of the interface is linear and the numbers of nuclei increase linearly with 
time, the pressure should obey the relationship, p = p©*^^^** where I is the 
number of nuclei formed in unit time and k is the rate of advancement of 
the interface expressed in appropriate units. Harvey (1933) has found 
that for barium azide p varies as the 7 th- 10 th power, and Maggs (1939) that 
it varies as the 6th-8th power of the time. It is clear, therefore, that there 
is some inaccuracy in the above assumptions, and one of the objects of this 
investigation was to clear up the discrepancy. 
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Experimental 

Material and apparatus. Barium azide was prepared from hydrazoic 
acid and barium hydroxide as described previously {loc. cit.). A con¬ 
centrated solution of BaNg was placed in a desiccator over calcium chloride 
until it began to crystallize. Crystals of good shape wei'C picked out and 
carefully dried and dehydrated in an 
evacuated desiccator over calcium chloride 
for 24 hr. The crystals, which were at first 
translucent, turned whit/C, losing their 
water of crystallization. The average 
weight of the crystals was 2-4 mg. The 
length was on an average 3-4 mm., the 
breadth 1-2 mm., the depth 0 * 5-1 mm. 

A few crystals were of twice or three times 
that size. A specimen of barium azide 
obtained from the General Electric Com¬ 
pany was recrystallized and the crystals 
were of the same shape and size as the 
others. The experiments so far have shown 
no material differences between the crys¬ 
tals of the G.E.C. and those ])repared in 
our laboratory. 

The decomposition of the BaNg crystals 
took place in an evacuated silica reaction 
vessel (see fig. 1). The pressure of the nitro¬ 
gen was measured by a Macd.,eod gauge, 
calibrated for the pressure range, 10“^ cm. 

Hg to 10 ^ cm. Hg. The reaction vessel 
was heated by an electric furnace and the 
temperature of the crystals was measured 
by a Pt-PtRh thermocouple. 

The first form of the apparatus was 
designed by Maggs. A few alterations had 
to be made in this in order that there 
should be better control of the tempera¬ 
ture of the crystal. The carrier for the crystals was altered in such a way 
that the junction of the thermocouple was situated inside the copper 
disk (see fig. 1 ,- 4 ) on which the platinum carrier for the crystal was 
soldered. The wires of the thermocouple were insulated by means of glass 
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tubing. The carrier ( 5 ) was made of platinum foil and the crystal was held 
in position by bending the edges of the foil over the edges of the crystal. 
In order to put the crystal into the right alignment for photography, the 
copper disk was brought into diflFerent positions by bending the copper 
wire (( 7 ). As the temi)erature near the window {D) is lower than at the 
back of the reaction vessel, it was essential that the crystal occupy the 
former position in as short a time as possible. This was achieved by turning 
the carrier by means of the ground joint (E), As the wires of the thermo¬ 
couple were sealed into the glass supporting the carrier and were led 
through glass tubing to the ice junctions, the turning of the carrier would 
have necessitated the turning of the ice junction. This was obviated by the 
arrangement at the top of the carrier (see fig. 1). During the exi)eriment 
the ground joint was water-cooled. 

The crystal was illuminated by a pointolite lamp when a photograph 
u as to bo taken, and to protect the crystal from heat-rays, a water cell was 
interposed. To keep the temperature constant, the whole reaction vessel 
was put into a box, so that draughts could be kept out, and this box was 
opened only during the time when a photogra])!) was taken. With this 
arrangement the temperature was constant to within 1-2'^ C. 

Procedure. After weighmg and measuring the crystal, it was fixed on 
the carrier and brought into the right position as described above. I'hen the 
air was pumped out from the reaction vessel for 18 hr. with an oil pump 
and mercury pump. After checking the vacuum in the reaction vessel, the 
heating was turned on, and during the heating the crystal was turned 
away from the window. It took about 10 min. to attain the required 
temperature. The temperature was carefully watched (galvanometer) and 
the electric current regulated by means of tw^o rheostats. When the first 
nuclei became visible, photogra])hs were taken at fixed time intervals and 
at the same times the pressure was measured. The magnification was 36 . 
The experiments were follow^ed until the surface of the crystal was covered 
with nuclei. After developing the film, the nuclei were measured and 
counted. A print of one film is shown in fig. 2. As the crystal w^as already 
in the reaction vessel w^hen the heating was started, the moment when the 
crystal had attained the required temperature could not be determined 
exactly. Therefore an error is involved in the determination of the time 
of initiation of the reaction, which became more marked at high tern- 
iwatures when the time of reaction is short. The experiments were carried 
out for three temperatures, 100, 115 and 123 * 5 '' C. 

Rate of growth. The radius of the nuclei increases linearly with time, 

r^kyt. ( 1 ) 


21-2 
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In fig. 3, the rate of growth for the three different temperatures is shown. 
The mean value of the diameter of ten nuclei was taken and the probable 
error of the mean diameter is 2-4 %. When the nuclei first appear, they are 



Fio. 2. Temp,: Time: no. 1 taken after 142 min., the following 

at 10 miu. intervak. Magnification: 120. 



time (min.) 

Fia. 3. I: lOO'^C. 11: 115^C. Ill: 123-6°C. 


much fainter than later on. Therefore the early measurements of nuclei 
diameter are not very accurate and they were usually n^lected. Towards 
the end of the experiment, when the nuclei relatively large, a spot of 
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reflected light appears very often in the middle of the nucleus, which seems 
to indicate that the nuclei are growing out from the surface. In Table I 
the rates of growth for the three temperatures are tabulated. 


Table I 


No. of 

Temperatiire 

dr 

X 7-2. lO® cm,/min. 

Average 

exp. 


dl 

IT 

100 

0033 

0-036 

2T 


0-036 


3T 


0038 


a 

115 

0-120 

0-1275 

11 


0-160 


12 


0110 


13 


0-115 


1 ^ 

123-5 

0-225 

0-230 



0-250 




0-244 



As has been mentioned in tlie introduction, it was assumed that there is 
an induction period before the reaction starts, because the evolution of 
nitrogen is delayed. This delay seems in part at least to be due to the 
difficulty with which nitrogen escapes from the crystal. This is shown by 
the fact that when the radius of the largest nuclei on a film plotted 
against time and extrapolated to r = 0, the time at which these nuclei start 
to grow is seen to be very close to that of the time of the commencement 
of the heating. 

The increase of numbers of nuclei. The numbers w ere also counted on the 
film. The first very small numbers were neglected, because of their in¬ 
accuracy. As has previously been said, the small nuclei are very faint, 
partly because of the reflection of light from the white crystal surface into 
the camera, so that nuclei which could be seen through the microscoi>e 
could not be seen on the film. 

It was found that the numbers increase as the third power of the time, 

N - (2) 

In fig. 4 , logiV^ is plotted against log {t — r), r being the time that a 
nucleus needs to become visible, which can be easily computed from the 
plot of r against t (fig. 3 ). The slopes of the log iV A? log const, vary 
between 2-5 and 3 * 5 . That is not always exactly 3 is probably due to the 
uncertainty in the values of t, which has been mentioned previously. If 
we plot the numbers against {t - r)*, we get straight lines through the origin 
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for the experiments at lOO'^ C, where the inaccuracy in the time is in¬ 
significant, because of the long duration of the reaction. At higher tem¬ 
peratures, however, the N — (t — rf lines are not straight and do not go 
through the origin. 



log {t-T) 

Fiu. 4. I: KKFC. IT: 115° C. Ill: 123*5° C. 

The presmre of the nitrogen increases with the 6th to Hth power of the 
time, p = At the beginning certain irregularities sometimes 

occurred, but they may be due to the MacLeod gauge not being accurate 
enough for the low-pressure measurements. In fig. 5, the log of the 
pressure is plotted against the log of the time. These pressure curves are 
not reproducible to a great extent, esj)ecially at the lower temperatures. 
This is due to the fact that the formation of nuclei is a structure sensitive 
property. The temperature coefficient computed from the intercept on 
the Y -axis is therefore very inaccurate. To decrease the error, the intercept 
on the T-axis has been computed from the distance between the lines at a 
value of log p equal to-5, taking a mean slope and a mean distance for 
every series of experiments for every temperature: 

logp = 6‘81og<-24’98, 110° C, 

log p - 7*9 log t - 20*9, 116° C, 

logi? == 8-2 log 19*22, 123*6° C, 

(As already mentioned above, for a certain part of the reaction the pressure 
increases exponentially with time.) 
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Activaiion emrgim. The activation energy for the radial rate of growth 
of nuclei is 23-5 kcal., 

r — hft, ( 1 ) 

logiS;i=-0-516X 10*|,+ 8-5 (3) 

(fig. 6, A), drjdt being expressed in cm./min. 



log« 

FlCl. 6. 1; 100" C. II: 116° C. Ill: 123-6° C. 


The activation energy for the formation of nuclei is 74 kcal., 
log iV = a log i — log Atj, 

log = - 1-43 X 10«i + 32-44 

(fig. 6, B), the time being expressed in minutes. 

The activation energy for the pressure is 166 kcal., 

logp = 61og<-logli, 
log jfc,» -3-61 X 10«i-4 71-64 
(fig, 6 , ( 7 ), log and log are calculated as described above. 
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It will be noted, however, from fig. 6, that whereas there is a good 
straight line for the rates of growth, this is not the case for rates of forma¬ 
tion of nuclei or the development of pressure. It is a possibility that the acti¬ 
vation energy in the last two cases decreases with increase in tempmature. 


-p -T 

for C B A 



The activation energy was calculated by Harvey (1933) from the slopes 
of the log p4 curves and a value of 21 kcal. was found. This is in good 
agreement with the value given above, but the agreement is probably 
fortuitous since into the activation energy as calculated by Harvey there 
enters the activation energy of both nuclei growth and nuclei formation 
(see Mott 1939, the pa})er following this). 
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Discussion 

From equation (3), it will be seen that the rate of progression of the 
barium-barium azide interface at infinite temperature is 3 x 10® cm,/min. 
Taking the distance between the planes of azide ions found by Hendricks 
and Pauling ( 1925 ) for potassium azide, this rate corresponds with 10 ^^ 
layers of azide ions per sec. This represents a high frequency of activation. 
Similar values have been found previously for the decomposition of lead 
azide (Gamer and Gomm 1931 ) and potassium azide (Garner and Marke 
1936 ), copper sulphate i>entahydrate (Topley 1932 ) and silver carbonate 
(S}>encer and Topley 1929 ). Since the latter two decompositions are endo¬ 
thermic, it would appear that the high frequencies are not due to chain 
reactions. 

Since the radii of the nuclei increase linearly with the time, and the 
numbers of the nuclei increase as the 3rd power of the time, it can be 
readily shown that the pressure should increase as the 6 th power of the 
time. Thus p = const, where x should be 6 or at the most 6 * 6 . It has 
been found experimentally at 100 , 115 and 123*5'^ C that x is 6 * 8 , 7»9 and 
8-2 respectively. There is a discrepancy of about one unit. This could be 
explained if the numbers increased as the 4th power of the time, which 
seems unlikely from the experimental evidence of the counts on the 
surface. It should, however, be borne in mind (a) that counts have been 
made only on the external surface and that nuclei are formed also within 
the pseudomorph, (b) that the form of the p4 curves is influenced by the 
nature of the support and nothing is known of the rate of increase of nuclei 
on the surface in contact with the support. 

A reaction occurring at a rate which increases as the 6 th power of the 
time must show an apparent induction })eriod. The induction |)eriod 8 met 
with in the case of the alkaline azides are to be ascribed to the fact that the 
numbers of nuclei increase as the 3rd power and that the volume of each 
nucleus increases also as the 3rd power of the time. In the case of mercury 
fulminate, there is a still more marked induction period, the pressure 
increasing as the 20th«24th power of the time. If nuclei are formed in this 
cose, which is by no means certain, it would be expected that the numbers 
of nuclei increase as the 20 th power of the time. 

The rate of formation of nuclei is a bimoleoular process. Professor Mott 
has suggested as an explanation of this, that there is an evaporation of 
nitrogen from the surface of the crystal which is constant at constant tem¬ 
perature, and that, as a result of this evaporation, barium atoms are left 
on the surface in number proportional to the time. These barium atoms 
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are mobile and when two atoms meet a nucleus is formed. This would 
account for the rate of production of nuclei increasing as the square of the 
time. Although there is no experimental evidence of the occurrence of 
surface evai)oration in the case of barium azide, there is ample evidence 
that it occurs in potassium and sodium azides and mercury fulminate 
during the induction period. There is thus no difficulty in the way of the 
assumption of surface evaporation for barium azide also. 

On the basis of the above theory, the activation energy for the unit 
process occurring on the surface of crystals of barium azide is 37 kcal. 
This is of the same order as the activation energies of the interface reactions 
in PbNg, 38 kcal.; NaNg, 34 kcal.; and KN^, 3(5 kcal. This may, however, 
be a coincidence. The values are, however, very different from that of the 
interface reaction of BaNg which is 23*5 kcal. The low values for the 
interface reactions of the alkaline earth azides are no doubt responsible for 
the low temperatures at which they decompose. The alkaline earth azides 
decompose at temperatures 200° C lower than the other azides so far 
investigated. 


Summary 

The nuclei formed in the decomposition of barium azide increase in 
radius at a linear rate and increase in number as the 3rd power of the time. 

The activation energy for nuclear growth has been shown to be 23*5 kcal., 
and that for nuclei formation 74 kcal. approximately. The frequency of 
activation in the case of nuclei growth is 10^^. 

The author wishes to express her thanks to Imperial Chemical Industries, 
Ltd., and to the Colston Research Society for grants for the purchase of 
apparatus, and to Professor W, E. Garner, F.R.S., for his constant interest 
and advice. 
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On the decomposition of metallic azides 

By N. F. Mott, F.R.S. 

H. H. Wills Physical iMboratory, University of Bristol 
(Received 22 May 1939) 

The purjiose of this pajier is to attempt a theoretical explanation of some 
of the phenomena observed during the decomposition of metallic azides by 
heat or by irradiation with ultra-violet or y^-rays, and in })artieular of the 
new results on barium azide Ba(N 8)2 obtained in the two preceding papers 
(Gamer and Maggs 1939 ; Wischin 1939 ). 

This salt is stable at room temperature in the absence of radiation. If 
heated to a temperature of the order of 100 ° C, it decomposes slowly, 
nitrogen being given off. A similar effect may he obtained at room tem¬ 
perature through prolonged irradiation with ultra-violet light. In both 
cases metallic nuclei are formed on the surface of the crystals, and also 
inside it (at internal cracks?). 

We shall consider first some of the phenomena observed on heating. The 
number N of nuclei formed on a given surface of a crystal after heating for 
a time i is (Wischin 1939 ) given approximately by the law 

N^Ai^. ( 1 ) 

Formula ( 1 ) is satisfied best for the lower temiwatures at which decom- 
l^osition is observed; for higher temperatures a rather higher exponent 
than 3 fits the facts better. 

The constant A is structure-sensitive”; in other words it varies from 
one crystal to another. Also rows of nuclei are observed, probably along 
cracks, showing that there exist on the crystal surface favoured places where 
a nucleus can form easily. 
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The rate of growth of each nucleus is given by 


dr 

dt 


5 , 


(2) 


where r is its radius and B a constant at a given temperature for all nuclei. 
Thus at time t 

r = B(t — ij)), (3) 

where is the time at which the nucleus was formed. 

The pressure p of nitrogen after a time t is observed to be given by 

p = (4) 

where the value of x lies between 6 and 8 , 

Before discussing the experimental material any further we shall prove 
that (4) with a; = 6 follows from (1) and (2), if we make the assumption that 
the amount of nitrogen given off is proportional to the amount of metal 
formed in the nuclei. At time t the volume of the metal present in the 
nuclei is 



which is equal to 

Thus a: = 6 and G^^nAB^. (5) 

The fact that the observed values of x are rather greater than 6 may 
mean that during the initial stages of nuclear growth the nitrogen escapes 
from the crystal with a certain time lag. 

Wischin ( 1939 ) has measured the variation with temperature of the 
constants A, J5, C. They may be expressed* 

where (in kcal.) a-74, 6-23*5, c-166. 


* The activation energy for the reaction has usually been obtained by plotting 
log p against drawing a straight line through the points, and expressing the slope 
in the form 

a = = const, e-®'". 

dt 

If we fit a curve of the type p = ^ ^he curve p = Ct^ at a given value p' of the 

pressure by means of the equations 

p^*' = Pooe** = 

we obtain a = 6/^ = 6((7/p')>. 

It follows that the conventioneil activation energy is jj of C, namely, 23 kcal. This is 
very close to the experimental values for the alkaline earth azides. 
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According to formula (5), we should have 

c = a + 36 == 144 koaL 

Some discrepancy with the observed value is not surprising, since x does not 
have the theoretical value 6 . 

The constant is found by Wischin to have the value 


jBq -- 10 ’ cm./tec. 

for all nuclei observed. 

We turn now to the effect of prolonged irradiation on barium azide 
crystals. At room temperature this produces metallic nuclei with the 
liberation of nitrogen. Under constant intensity of irradiation the nitrogen 
pressure increases linearly with the time after an initial induction period 
(Garner and Maggs 1939 ). 

Irradiation at room temperature within the induction period has a marked 
effect on the subsequent thermal decomposition of the crystal. After a very 
short illumination the subsequent liberation of nitrogen on heating follows 
the same law, p = Ci^ with x -- 0 — 8 , as before, but with a very much larger 
value of C. Also a much larger number of nuclei are observed after a given 
time of heating. A reasonable explanation is that both the rate of pro¬ 
duction of nuclei, and their rato of growth, follow the same law as before, 
but that A (formula ( 1 )) is increased by the illumination. In other words, 
the number of sensitive spots where a nucleus can form is increased by the 
illumination. A hypothesis as to how this happens will be proposed below. 

After a more prolonged illumination, the value of x becomes smaller, 
approaching the value 3. This must obviously be due to the formation of 
nuclei by the light; since the volume of each nucleus increases at during 
heating, the pressure will also increase as if a large number of nuclei are 
already present. 

The formation and growth of nuclei in irradiated barium azide with the 
liberation of nitrogen appears very similar to the photochemical reduction 
of silver halides with the liberation of halogen; in both cases the metal is 
found in the form of nuclei. For the latter cose a theory has been given by 
Gurney and Mott ( 1938 ), and aa regards the rate of growth of nuclei when they 
fire ome formed, we believe that exactly the same theory can be applied to 
barium azide. We assume, then 

( 1 ) That Ba(N 3)2 is an ionic conductor at room temi)erature, a certain 
small proportion of metal ions in a crystal in thermal equilibrium being in 
interstitial positions and therefore mobile. The Nf ions are assumed not to 
be mobile. 
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(2) That under ultra-violet irradiation barium azide should show photo¬ 
conductivity; electrons are ejected from the azide ions into the conduction 
band of the crystal. The positive holes left in the full band corresponding 
to the Ng ions are mobile and eventually diffuse to the surface. When the 
“holes” reach the surface the Ng radicals can escape, and break up to form 
molecular nitrogen. 

( 3 ) An electron in the conduction band will wander around until it finds 
a speck of metallic barium; it will then be trapped by the speck. 

( 4 ) The resulting electric field round the speck will attract the inter¬ 
stitial metal ions; the speck will therefore grow by a process of electrolysis. 

Such a mechanism gives a quantity of reaction products proportional 
to the radiation absorbed, as observed for long periods of irradiation. 

As regards the induction period, however, we have to consider under 
what conditions nuclei can be formed in the first place. The clearest evidence 
about nuclear formation in azides comes from their behaviour under heat 
treatment, and wo shall now consider this. 

A number of polar salts and oxides, when heated in vacuum, lose atoms 
of the electronegative constituent, the excess metal going into solid solution 
in the body of the crystal. Zinc oxide is a case in point. On heating it oxygen 
is driven off*, the excess zinc remaining as interstitial atoms, which at high 
temperatures dissociate into interstitial zinc ions which diffuse into the 
crystal and electrons in the conduction band. The chief observable effect 
of the excess zinc is to increase the conductivity by a very large factor (cf. 
von Baumbach and Wagner 1933). 

It seems probable that something of this sort happens in barium azide ; 
when it is heated nitrogen is driven off from the surface, and excess metal 
atoms go into solid solution. Since these will dissociate, the first effect of 
heating will bo to increase the concjentration of interstitial ions already 
present (which must already be quite high, because the azide is, according 
to our hy])othesis, an ionic conductor even at room temperature), and also 
to add free electrons, of which there are initially none. We suggest that these 
electrons are responsible for the formation of nuclei, in a way to be discussed 
below. 

If our hypothesis is correct, there should be, as well as the emission of 
nitrogen which is catalysed by the presence of nuclei and which gives a 
pressure increasing as the sixth to the eighth power of the time, a slow un- 
catalysed emission at a constant rate; we expect an emission following the 

p = const, t + Ct^, 

Actually a slow emission of this type, followed by an accelerated reaction, 
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is observed for KNg (Garner and Marke 1936) and is illustrated in fig. 1; 
for BaN^ the slow emission must be too slow to be observed. 

During the slow emission of nitrogen, we may assume that the number w 
of electrons per unit volume in the crystal increases linearly with the time. 
In a crystal of volume V and surface area S, we may therefore write 


dn _ SQ 


( 6 ) 


where Q is a constant at a given temperature. It is reasonable to suppose 
that Q varies with the temperature according to the law 

Q = ( 7 ) 



Fig. 1. PresBure-timo curvets for barium azides, (a) p ^ {BaN„ at 100 ' C); 
(b) type observed for KNg at 300' C. 


Wo do not know anything of the mechanism of the escape of nitrogen; 
porhaj)s q represents the work required to remove an electron into the (con¬ 
duction band from a surface ion. 

Integrating (6) we obtain 



Now we have in the crystal a large number of interstitial metal ions, and 
a few electrons. The state of affairs is very like that in a halide grain of a 
])hotographic emulsion. In emulsions the sensitivity is enormously increased 
if on its surface the grain has specks of silver sulphide (sensitivity si:)eck8). 
The function of the sensitivity specks is, according to Gurney and Mott 
(^938), to catch an electron, so that it stays in one place for a time so long that 
interstitial metal ions can be attracted to it. 
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Since in azide crystals the formation of nuclei is structure sensitive, it is 
probable that the existence of an electron trap on the surface makes possible 
the formation of a nucleus there. These traps* may be points where a 
negative ion is missing from the surface layer. This would account for the 
increase in A (formula (1)) produced by previous illumination for a short 
period, since an effect of illumination would be to drive off a few Ng ions from 
the surface. 

In photographic emulsions the developed density depends not only on 
the product It (I ^ intensity of light, t = time of exposure), but on I and t 
separately. For given It, the density drops oflF as I is decreased. This can be 
explained as follows (Webb and Evans 1938; Gurney and Mott (1938)). 
When an electron is captured by a sensitivity speck, an ion is attracted and 
moves up to the speck. The very small “nucleus” thus formed cannot keep 
the electron indefinitely; after a certain time it will escape, and the ion will 
thus be able to escape too, unless another electron comes along first, in which 
ease the nucleus will have a chance to build itself up to a size so large that it 
will be stable. 

Exactly the same thing may be expected to hapi)en in azides. The 
probability per unit time that an electron is trapped at a given sensitive 
point is proportional to n. The probability that a second electron comes along 
before the first escapes is also proportional to n. If or electrons are necessary 
to form a stable nucleus, the probability that a nucleus is formed in a given 
time interval is proportional to Thus if N is the number of nuclei at 
time t 

dN /SQty 

( soy 

~ ^ 

We have seen that for barium azide at 100° C, N is proportional to 
so that we may deduce that a — 2 . It follows that a nucleus with two 
electrons and thus one interstitial barium ion is stable, or can catalyse the 
thermal decomposition. At higher temperatures, since N varies as a rather 
higher power of a rather larger nucleus must be required. 

Formula (8) gives for the constant A in formula (1) 

A « {SQIVr. 

♦ The in alkali>halides are suppoi^ed to be electrons trapped at 

points where the negative ion is missing and we know (Pohl 1937 ) that JP-oentres 
can trap another electron. 
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We thus expect a larger A {shorter induction period) for powders, in which 
the area of surface is large. This seems to be in agreement with some results 
of Gamer and Hailes (1933) on mercury fulminate. 

With O' == 2 , we see that q = \a. Thus the activation energy* to free a N3 
radical is 37 kcal. 

We turn now to the induction period observed during prolonged illumina¬ 
tion. The linear rate of growth imder illumination after a certain time has 
elapsed suggests that, if sufficient nuclei are present, all the electrons 
liberated by the light are trapped by nuclei, and that there is no recom¬ 
bination. If however no nuclei are present (as at the beginning of the 
experiment) two things can happen. The electron can recombine with tlie 
positive hole, or the hole will first get to the surface, so that nitrogen is 
liberated. If we neglect the second process, illumination with intensity I 
will give a oonatant density of electrons per cm.*, with 


no proportional to ^I. 


We have already suggested that the radiation increases the number of 
places on the surface where a nucleus can form. Thus we may set the 
number of places proportional to It, so that the rate of formation of nuclei, 
(IN jdi, is 


dN 

di 


I ini ^ const. 


= IH X const. 


Thus N 5= (liY’ X const. 

Thus the number of nuclei increases as the square of the exposure Ii \ the 
rate of liberation of nitrogen should initially be proportional to 
because, while the number of nuclei is small, the chance of an electron being 
captured by a nucleus and not wasted by recombination is proportional to 
Thus the pressure of nitrogen should increase initially as 
We now turn to the law governing the rate of growth of nuclei when 
the salt is heated in the absence of radiation. The presence of nuclei increases 
enormously the rate of liberation of nitrogen; as already emphasized, the 
steady emission from the surface before nuclear formation is, in barium 
azide, too small to be observed. In potassium azide the rate of emission 
measured in vacuo, so that the nuclei evaporate at once, is several thousand 
times less than in potassium vapour. We see then that the contact between 
metal and azide accelerates or catalyses the reaction. It is unlikely, how- 


* This may be activation energy to free a pair of adjacent radicals, to form three 
Nj molecules. 
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ever, that the reaction takes place only at the interface, because then 
nitrogen atoms or molecules would be liberated in the middle of the material, 
at the interface, and it is difficult to see how they could escape. 

In the theory which we shall j>ropo8e the nitrogen is actually liberated 
at the surface of the azide crystals, some way from the nuclei just as in the 
photochemical reaction. 

We have to remember that the salt contains plenty of interstitial and 
hence mobile metal ions, which can flock together to build up the nuclei; 
the difficulty is to provide the electrons. We know from the photochemical 
evidence that, once the electrons are provided, the nuclei will grow. 


(induction 
levels , 



conduction 

levels 



metal 


(«) (b) 

Fio. 2. Energy levels in polar salts in contact with metal; (a) barium azide 
and barium; (6) sodium chloride and sodium. 

Fig. 2 shows the energy levels for any insulator; for an azide the full band 
gives the energy levels of electrons of the azide ions. We show also the 
energy levels for the metal. Illumination with ultra-violet raises electrons 
from the full band into the conduction band, which requires an energy of 
several electron volts ; the electrons subsequently find their way to the metal. 
It will however obviously require less energy to raise an electron from the 
full band directly into the metal. We mark this energy by W in fig. 2, and 
suppose that W is to be identified with the activation energy for nuclear 
growth, b = 23*5 kcal. 

Our picture of nuclear growth is thus the following: every now and then 
an azide ion adjacent to the metallic nucleus receives enough energy from 
heat motion to lose an electron to the metal, thus forming an azide radical. 
The radical, being in the middle of the material, cannot break up; however, 
almost immediately an adjacent ion will hand over its electron to it; the 
positive hole ’’ so formed will diffuse away from the nucleus, and eventually 
reach the surface. The radical formed at the surface can, as we have seen* 
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escape and break up. This may be quite a slow process; we have no direct 
evidence about the rate. The metallic nucleus which has received an electron 
will grow in the way alreeuly described, by attracting interstitial positive 
ions. 

The rate of nuclear growth may be estimated as follows; the emission of 
“positive holes*’ from the metal into the salt ought to be given by just the 
same formula as the thermionic emission of electrons from a metal into a 
vacuum. Thus the emission per unit area, in number of electrons per second, 
should be 

Xe-w/Arr 

with (Fowler 1936) K ^ 10®* cm.® sec.~^ at 400 '’ K. Thus if Q is the atomic 
volume of barium metal, we should have 

St 

Z = KQ ~ 10* cm./sec. 

d't 

The value of KQ is some 100-1000 smaller than that observed. This may 
be due to a temperature variation of W due to thermal expansion. If W 
is of the form 

1^0(1-faT), 

KQ will have to be increased by a factor 

jg, ^12,000a ^ 

If this is to be 1000, we must have 

a - 5 X 10 * degree'^. 

This is perhaps surprisingly large—^we should expect a value of the order 
of the thermal expansion coefficient, say, 10”* degree-^. 

Since barium azide crystals do not absorb light of visible wave-lengths, 
it follows that the energy interval AB in fig. 2 must be of the order 3 eV or 
more. Since W 1 eV, it follows that the energy W (fig. 2) required to 
bring an electron from the metal into the empty conduction band is more 
than 2 eV, and hence greater than W. We contrast the state of affairs in 
NaCl, where the energy interval separating the two bands 10 eV, but W' 
is much less, about 1-7 V (Mott 1938). 

Since, in BaN^, W is so large, and assuming that the work required to 
bring a positive ion from barium metal into an interstitial position in the 
crystal is positive, we may deduce that the solubility of barium in the azide 
is negligible. It is possible that in other salts this is not the case. If the 
solubility were not vanishingly small, no nucleus could form until, owing to 
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the slow escape of nitrogen from the surface, the solution became super¬ 
saturated. In that case there would be a true induction period, with 
formation of metal and activated emission of nitrogen starting after a 
definite time. It is possible that this may be the case for mercury fulminate. 
Since both W and W would have to be of the order 1 to 1*5 eV, and since 
the crystal would absorb light of a frequency given by — W such a 
crystal could not have its absorption bands far in the ultra-violet. 



azide crystal 

Fk;. 3. Suggested forrn of the surface rotuid a nucleus. 

Finally we must emphasize that, according to our theory, metallic nuclei 
due to heating or to irradiation are formed by diffusion of interstitial metal 
ions through the crystal, the nitrogen escaping from the surrounding free 
surface of the crystal. There is thus no escape of atoms or heavy ions from 
the metal salt interface; no azide is removed to make room for the nucleus. 
It follows that if a nucleus were formed inside a crystal, the surroundings 
would be subject to an enormous strain. We think that nuclei are probably 
formed only at surfaces, and at the surfaces of internal cracks, and that they 
grow outwards, the escape of nitrogen from the surrounding surface giving 
to the surface a form such as that shown in fig. 3 . Wischin (1939) has in fact 
observed that the nuclei appear to protrude from the surface. 

The author has pleasure in expressing his thanks to Professor Garner for 
many discussions about the experimental material. 

Summary 

A theoretical discussion of the decomposition of metaUio azides, based on 
the Wagner-Schottky theory of ionic conductivity and the electron theory 
of solids. The main points discussed are: the formation of metallic nuclei and 
the nature of the induction period; the way in which the presence of nuclei 
catalyses the reaction; the action of ultra-violet light. The similarity between 
the decomposition of azides and the photochemical reduction of silver 
halides is pointed out. 
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A crystallographic investigation of glacier structure 
and the mechanism of glacier flow* 

By M. F. Perutz, Cavendish Laboratory^ Cambridge 
AND Gerald Seligman 

[Communicated by Sir William Bragg, P.E.8.—Received 15 March 1939— 

Revised 21 April 1939) 

[Plates 16-19J 
1. Introduction 

(a) The transition of firfi into glacier ice; glader structure 

Glaciers are divided into two main parts: the accumulation area, firn 
region or nivi where the annual accumulation in the form of snow exceeds 
the loss by melting, evaporation and wind erosion, and the ablation area or 
glacier tongue. The dividing line between the two regions is called the 
Firn Line. Granular, compacted snow called fim covers the accumulation 
area. Its crystals are rarely larger than 2 mm. in diameter and are 
mixed with a considerable volume of air, so that the specific gravity is 
much lower than that of ice. The surface of the tongue consists of blue or 
glassy ice, more or less covered with rook debris; here the diameter of the 
ice crystals varies between 1 and 10 cm. or even more; the specific gravity 
of the ice is never far below 0*90. In summer the tongue has a bluish or 
grey appearance, while the fim region retains its white or whitish hue. 

Previous research. 

The attention of glaciologists has largely l>een confined to the ablation 
areas since they are more easily accessible. Only recently have any attempts 
been made to investigate the economy of the firn region and to measure 

♦ Publication No. 1 of the Jungfraujoch Research Party, 1938. 
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such features as the increase of specific gravity and grain sMse with the 
depth, the temjierature distribution, the accumulation of snow in the winter 
and the production of melt water during the summer (Streiff-Beoker 1936, 
1938; Ahlmann I93S-6). These experiments constitute a valuable first step 
towards the understanding of glacier structure but fall short of providing 
a complete solution of the problem of the transition of firn into ice* For 
instance, temperatures and specific gravities have never been determined 
to a depth sufficient to reach the lowest layers of the firn; again, measure¬ 
ments have only been carried out at one or two points on each glacier. 
Furthermore, insufficient .attention has been paid to the microscopic 
changes which accompany the transition, such as variations in the size 
and shape of the crystals and of the air spaces between them. It was 
always expected that if sufficient depth were reached the firn would become 
ice, but this depth had to be calculated by extrapolation of the specific 
gravity curves (Sorge 1935), an unreliable proceeding since there was 
always the possibility that the transition might not be continuous. Indeed, 
tliere had been indications that the dividing line which separates the firn 
from the ice at the surface with considerable abruptness extended upwards 
far into the fim area underneath the surface and that the transition along 
this plane was equally abrupt. In order to test this possibility it would, 
of course, be necessary to measure the distribution of specific gravity with 
depth at a series of i)oints at different altitudes and levels between the source 
of the glacier and the firn line. No such measurements, however, have been 
mode. 

Finally, it need scarcely be ein])hasized that any mechanism which 
consists largely of an increase of the average volume of the single ice 
crystal cannot be understood without following the changes in the crystals 
themselves. Such an examination has never been carried out in any detail. 

(6) Stratif cation bands 

Two varieties of stratification bands have been observed in the n 6 v 4 area. 
First the annual or dirt bands which consist of a deposit of fine rock dust 
spread over the glacier by the wind. They form in the late summer when 
the mountains are comparatively bare of snow. They are very convenient 
for estimating the age of any stratum of fim (fig. 1, Plate 16). The ice 
bands which represent the second variety are thin strata of clear ice 
extending over considerable areas through the nitd (fig. 2, Plate 16). 
A formation resembling the ice bands also exists in the glacier tongue, 
where bands of clear, air-free ice alternate with thicker bands of ice 
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containing air bubbles. These are called blue bands (fig. 11, Plate 19). 
The origin of the ice bands and the question of their continuity with the 
blue bands have been the subjects of much discussion. 

(c) Glacier flow 

The maximum velocities of the larger Alpine glaciers vary between 80 
and 150 m. a year. Several glaciers, notably the Rhone Glacier and the 
Hintereisfemer, have been accurately measured for long periods, and a 
large amount of reliable data relating to their movements has been 
collected. These observations have established that the flow of glaciers 
resembles that of highly viscous fluids, that is to say they flow faster at 
the centre than at the sides and faster at the surface than in the interior. 
This is known as differential movement. While the rate of differential 
movement has been measured in several glaciers, its internal mechanism 
has been, and still is, one of the most controversial subjects in glaciology. 
Two opponent and apf)arently irreconcilable views are prevalent throughout 
the literature. While one school of thought (Philipp 1920; Chamberlin 1928) 
maintains tliat the differential movement proc^eeds through the spasmodic 
motion of rigid masses over large thrust planes (laminar motion*), the other 
believes that glaciers are plastic and move through non-laminar and 
continuous deformation (Hess 1933; von Engeln 1934). The first group 
regards all stratification bands as remnants of former thrust planes, whereas 
the other adheres to the view that they are of entirely sedimentary origin. 
Amongst the second group, opinions diverge again as to the mechanism of 
plastic deformation; some workers assume crystal growth by molecular 
exchange across the crystal boundaries and glide along the basal planes of 
the crystals to be the essential factors, while others attribute more 
importance to the motion of the crystals past one another. (For more 
detailed accounts of the different views see Visser (1938) or von Engeln 

(1934)-) 

In most cases the experimental material offered in support of these 
theories is very incomplete and far from convincing: first, because detailed 
and precise strain measurements were not taken; second, because no 
attempt was made to study the crystal texture of glacier ice; and third, 
because investigators approached the glaciers from their tongues and made 

* Throughout this paper the terms laminar and non-laminar motion are meant to 
describe macroscopic phenomena only. While laminar motion implies the existence 
of large-scale thrust planes, the term non-taminar motion is merely applied to oases 
where such thrust planes are absent, but does not preclude the ooourrence of local 
thrusts on a small scale or glide within the single crystals. 
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their way upwards, commencing as it were at the end of the process of 
glacier formation. To us the most promising approach to the problem 
appeared to be a thorough investigation of a glacier from its origin down 
to the snout, in this way tracing the phenomena in their correct sequence. 
We proposed to apply the standard methods of optical crystallography in 
conjunction with direct measurements of the (differential movement and 
observations of the origin of the banding. 

We hoped to overcome the technical difficulties which had hitherto 
proved an obstacJe to a research of this nature by using the scientific 
station on the Jungfraujoch as our base of operations. Being situated at 
the source of the Great Aletsch Glacier, the largest ice stream in the Al|)s, 
this station offers ideal facilities for work on glaciological problems, 

(d) Programme of research 

It was decided to undertake a programme of research of which the 
following were the ppncipal items: 

(1) The measurement of temperature distribution to the lowest possible 
depth in the neve area. 

(2) The tracing of the transition of firn into glacier ice by determining 
the distribution of sfKscific gravity with depth at a series of points between 
the firn line and the source of the glacier. 

(3) The carrying out of various experiments to decide the relative im¬ 
portance of melting and compression (settling) in the development of 
glacier ice, 

(4) The study of glacier structure and the mechanism of glacier flow by 
extensive crystallographic observations. 

(5) An investigation of the origin of the ice and blue bands and their 
possible relationship to the mechanism of flow. 

Only items (4) and (5) will be dealt with in this paper; the researches on 
the other problems will be described elsewhere in separate publications 
(T. P. Hughes, M. P. Perutz and G. Seligman (1939), T. P. Hughes and 
G. Seligman (i939)). 


2. Instruments and methods 
Collection of samples 

The samples for the crystallographic examinations were taken either 
from the walls of crevasses or from ice grottoes and pits which were dug in 
the glacier. 
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The deepest of the crevasses fotind on the Mdnch- and Jungfrau firn 
reached 28 m., the rest seldom exceeded 20 m. Rope ladders were used for 
descending into them and served as a support to the operator when cutting 
samples from the walls. Generally, a layer about 40 cm, thick had to be 
removed from the surface of the wall before a sample could be taken, since 
conditions on exposed surfaces are generally disturbed by weathering. A 
square block was then hewn out and its orientation in the glacier marked 
with a saw cut. The sample was immediately placed in a Dewar flask 
cooled with solid COj and was carried up to the Jungfraujoch on the same 
day. A chamber excavated in the stationary ice on the Jungfraujoch itself 
served as a cold laboratory maintaining a fairly oifistant temperature of 
“4° C throughout the summer. 

Cutting the sections 

In the laboratory one portion of the sample was used for the determina¬ 
tion of specific gravity, the other was cut down to a cube of about 1'5 cm. 
and cooled to the temperature of solid COg. One face of the cube was then 
ground flat on glass paper and jK>lishing paper. The cube was then 
allowed to reach room temj)orature, after which it was melted on to a 
microscoiw slide. The slide was clam]ied on to the stage of a section 
cutting machine.*** This machine was devised to cut thin sections of ice by 
means of a mechanically driven fret-saw (for description see Bader 1939). 
The thickness of the sections could be varied between 0*2 and 5 mm. 
During the cutting the ice block had to be cooled by solid CO2. The 
finished section was again ground flat and polished to remove any saw 
marks, and finally a cover-slip was melted on to it. Sections so made can 
be kept indefinitely if the space between the slide and the edge of the cover- 
slip is filled with vaseline to prevent evaporation. 

The largest section the machine would cut was 4 cm.®, so that if the 
crystals were very large too few of them appeared in the section to 
give a proper impression of the general texture of the sample. Therefore 
it was found necessary to prepare sections by hand when the individual 
crystals measured more than 6 mm. across. In that case the section had to 
be ground on glass paper. Sections about 6 cm. square and 1mm. thick 
were fasliioned in this manner, but the process proved to be very laborious 
because the samples had to be cooled for half an hour after grinding for 
ordy 1 min. Besides this thermal tensions in the ice often produced cracks 
which caused the section to break up. 

* This machine was lent to the party by tho courtesy of the Swiss Snow and 
Avalanche Commission in Davos. 
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Cryatallographic emmina 4 ion 

The general texture of the sections was examined under a polarising 
enlarging apparatus specially constructed to obtain a large field of view. 
The apparatus consisted of a mirror, two Polaroid plates, 6 cm, in 
diameter, a copper stage which could be cooled, an enlarging lens and 
camera. All components slid on a common rail and could be removed 
separately. The apparatus was used mainly for photographing the thin 
sections in polarized light. 

A polarizing microscope fitted with a mechanical stage was employed for 
the determination of the crystal orientation. Generally between 60 and 
100 crystals were examined in each section. In order to avoid arbitrary 
selection either the axial position of all the crystals in the section or in one 
part of the section were determined. The path difference was measured 
with a Berek compensator; the inclination of the hexagonal axis was found 
by means of a chart relating the double refraction with the axial inclination 
of ice. The absolute position of the axis was determined conoscopically. 

The accuracy of the optical method proved satisfactory in sections which 
were thicker than 0*3 mm. Any axial inclinations of over from the 
vertical could be determined with the compensator ; if the angle was less it 
was estimated by conoscopic examination. The thickness of a section was 
measured either by focusing first on its lower and then on its upper surface, 
or, more accurately, by comparison between the optic image and the 
comTf^nsator reading in the following manner: the thin sections generally 
contained crystals with their hexagonal axes parallel to the plane of the 
section; these could be recognised by their optic image and their thickness 
calculated from the compensator reading and the known double refraction 
of ice. The axial positions of the crystals in each section were plotted on a 
stereographic projection.* 


3. The pirn region 

(a) The transition of frn into glacier ice; firnification 
Fim forms from fallen snow during the spring and summer mainly by 
the process of melting and refreezing and that of settling, f Its consistency 
is quite diff'erent from that of powdery fresh or old winter snow. The single 

♦ The method of cutting thin sections and a modihoation of the optical method 
were used by the Swiss Avalanche Cominiasion for investigating the properties of 
snow and are described in detail by H. Bader (1939). 

t The relative influence of settling and melting is described elsewhere by Hughes, 
another member of our party and one of the authors (G. S.) (Hughes and Seligman 
* 939 )- 
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crystals are several times larger and are normally compacted into a mass 
which becomes loosened when the sun shines, only to freeze again at night. 
Since the whole winter accumulation of snow on Alpine glaciers is turned 
into fim during the summer the latter represents a most important inter¬ 
mediate stage in the transformation of snow into ice. 

The properties of newly fallen snow and the changes which it undergoes 
under different weather conditions had been the theme of investigations by 
one of the authors and by the Swiss Snow and Avalanche Commission 
(Seligman 1936; Bader 1939; Haefeli 1939) and lay outside the scope of our 
experiments w^hich were primarily concerned with the transition of firn 
into glacier ice. 

Definitions qf firn and ice. 

Based on our measurements of specific gravities and our observation of 
the characteristics of firn and glacuer ice we define the former as an aggregate 
of ice crystals })enetrated by intercommunicating air spaces and glacier ice 
as an aggregate of ice crystals without intercommunicating air spaces. 
This means that firn is to a greatyer or smaller extent porous and ice non- 
porous. As a rule the critical density at whicli intercommunicating air 
ceased to exist was found to vary between 082 and 0*84. 

Structure of firn and ice. 

The first two samples for crystallographic examination were taken from 
the surface of the glacier immediately above and below the firn line. 
Figs. 3 and 4 (Plate 17) show photomicrographs between crossed nicols of 
the thin sections cut from these 8amj)leB. The fundamentally different 
character of firn and ice is evident from these pictures. In contrast to the 
small regular grains and the multitude of air spaces, most of them inter¬ 
communicating in the fim, the ice shows large irregular crystals with 
relatively few small air bubbles all well separated from each other. 

Orientation of crystals in firn and its. 

A stereogram (diagram 1) illustrates the results of the crystallographic 
analysis of the firn section. Each circle in the stereogram represents the 
projection of the hexagonal axis of one crystal in the section. The equatorial 
plane of the stereogram is parallel to the surface of the glacier. Therefore 
all axes which are normal to the glaeier surface have their projection at 
the centre of the stereogram. The angles enclosed by the axes and the 
normal to the surface correspond in the stereogram to the distances of the 
projections from the centre, all axes in positions parallel to the surface 
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having their projections on the ciroumferenoe of the circle. It is seen at 
once from the stereogram that the distribution of axial positions in the fim 
is not a random one. A large percentage of the projections is grouped round 
the centre, corresjKtnding to crystal axes normal to the glacier surface. It 
was soon realised that this effect was not a local one confined to the 
neighbourhood of the firn line, but that samples of firn from all parts of 
the glacier showed similar orientation. To explain this phenomenon several 
possibilities had to be taken into consideration: 

(1) The process of grinding and cutting of the sections might have caused 
a reorientation of the crystals. 



Diagram 1 , Stereogram of firn taken from immediately above the firn line on the 
Mbnchfirn. Each circle represents the projection of the hexagonal axis of one crystal 
in the section. The equatorial plane of the stereogram should be parallel to the 
surface of the glacier; the shift of the peak from the centre is due to an inaccuracy in 
the cutting of the section. 100 crystals. (See also fig. 3, Plato 17.) 

(2) A proportion of the flakes of falling snow consists of plates and flat 
dendrites. These might have settled with their flat faces parallel to the 
surface, such orientation being preserved in the firn. 

(3) The difierential movement of the glacier might have favoured the 
growth of crystals in certain orientations. 

(4) It has been commonly observed that ice crystals solidify with their 
main axes parallel to the direction of the temperature gradient. The 
crystals of pond ice provide the best example, but there are several others, 
for instance the crystal axes in icicles are vertical at first but, as the icicle 
grows in thickness and freezing proceeds from the sides, the axes of the 
new crystals assume horizontal positions pointing towards the direction of 
maximum temperature gradient. The crystals grown from water vapour, 
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such as crevasse hoar or depth hoar, invariably develop in similar orienta¬ 
tion. 

(1) We were able to prove conclusively that the preparation of the thin 
section had no influence on the orientation of the crystals. These maintained 
their orientation at whichever angle to the glacier surface the section was 
cut. 

(2) The only direct test concerning the second assumption would have 
been, of course, a crystallographic examination of fallen snow. Neither 
Bader nor one of the present writers (M. F. P.) has succeeded, however, 
in securing a section of this loose, fluffy material. It can, however, be 
inferred from other evidence that the initial orientation of fallen snow 
cannot be of great importance. Only a relatively small proportion of it 
consists of plates and of these many are broken by the wind; therefore the 
number settling on their flat sides would be comparatively small. Moreover, 
the conditions of turbulence accompanying most snowfalls at high altitudes 
should in themselves preclude any settling of the grains other than in 
haphazard orientation. Again, old fim generally showed more orientation 
than new, while the opposite effect would have been expected if the 
orientation had had its origin in newly fallen snow. 

(3) If differential movement had been the cause of the orientation the 
crystals should have been orientated at random where differential move¬ 
ment was absent. A sample of firn was therefore taken from 100 cm. below 
the surface of a flat snowfield close to the Jungfraujoch where the differ¬ 
ential, and in fact all, movement was either completely absent or negligibly 
small. Here the crystals in the firn as well as in the ice underneath showed 
the same orientation as everywhere else in the glacier. 

(4) Consequently we may argue that the orientation of the crystals in 
the firn is dependent on the direction of the temperature gradient and this 
theory has been confirmed by many of our subsequent observations. The 
f)henomenon appears to be of universal importance in the recrystallisation 
of ice and can be explained as follows: Tammann and Dreyer (1929) 
observed the changes which occur in a thin section of ice prepared by 
rolling snow in a small rolling mill and found that it was not the relative 
size which determined the growth of some crystals at the expense of others, 
but their relative orientation. They showed that the crystals incorporated 
new basal planes faster than prismatic or pyramidal planes and that in 
consequence the former grew at the expense of the prismatic and pyramidal 
planes of neighbouring crystals. They attributed the migration of mole¬ 
cules from one lattice to another to the closer packing of atoms in the basal 
planes. It is obvious that under the conditions of recrystallization prevalent 
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in snow and fim the direction of fastest growth, which Tammann and Dreyer 
found to coincide with the hexagonal axis, must also lie parallel to the 
temperature gradient. Accordingly, the perfection of the orientation in fim 
depends mainly on the number of times recrystallisation by sublimation 
or by melting and refreezing has been repeated. The orientation is destroyed 
by the differential movement of the glacier, as described below, and 
therefore best developed in flat stationary firn fields. 

Our next step was to examine conditions in the interior of the glacier. 
The best results were obtained from a crevasse at an altitude of 3330 m. 




Diagram 2. Firn from a crevasse in the Diagram 3. Fim from the same orevasee. 
Mdnohflm. Altitude 3330 m., depth 8 m.. Depth 14 m., specific gravity 0*72, ago 
specific gravity 0*03, age 2 years. Equa- 3 years. Equatorial plane parallel to the 
torial plane parallel to the glacier surface, glacier surface. 100 crystals. (See also 
50 crystals. fig, 5, Plate 17.) 

which had a depth of 28 m. Three samples were taken: one at 8 m. below 
the surface (age 2 years, specific gravity 0'63), another at 14 m. (age 3 years, 
specific gravity 0-72) and the third at 23 m. (age 6 years, specific gravitj^ 
0-80). No photomicrograph of the first sample is shown because a 
typical example of firn near the surface has already been given (fig. 3, 
Plate 17). The photographs of the other two samples illustrate the 
metamorphoses of the firn (figs. 5, 6, Plate 17). It can be seen that little 
alteration in the size and shape of the crystals has taken place, while the 
air spaces have undergone important changes. At 14 m. they are inter¬ 
communicating channels offering little resistance to the percolation of 
melt water through the fim. At 23 m. they have decreased in number and 
are now well separated from each other; water can no longer flow through 
them—in other words the fim has turned into glacier ice. Diagrams 2-4 
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show the stereograms prepared from the sections of these samples. At 8 m. 
the crystals are orientated similarly to those in the firn near the firn line 
on the glacier surface. At 14 m. a certain amount of scattering from the 
vertical position is noticeable. At 23 m. the asi)ect has changed entirely. 
Only a few clusters of crystals have retained their axial positions near the 
vertical line, while the others are scattered over almost all possible 
angles. 

This transition from order to disorder with increasing depth was also 
observed in other crevasses at lower altitudes. They were not as deep as 



T)ia.oeam 4. Ice from the same crevasse. 
Depth 23 rn., specific gi-avity 0*80, age 
(t years. Equatorial plane parallel to tho 
glacier surface. 79 crystals. (8oe also 
tig. 6, Plate 17.) 



DiACiKAM 5. Ice-band from the same 
crevasse. Depth 22'« m., specific gravity 
0-9, age 6 years. Equatorial plane parallel 
to the plane of the ice-band. 50 crystals. 


the first one, but owing to the smaller surplus of accumulation of snow the 
annual layers lay closer together, so that the ages of the samples were 
approximately similar to those taken from the first crevasse. Conditions, 
however, were never as simple again, as the ice in all the other crevasses 
had already passed through crevassed areas where disturbances had altered 
the original orientation of the strata. Under these circumstances it was, 
of course, difficult to decide whether or not any catastrophic events 
such as the bending or breaking of large masses had altered the crystal 
orientation. The first crevasse, on the other hand, was one of the upi>er- 
niost on the glacier, and it could easily be seen from its position that none 
of the fim or ice in it could have passed through any previous crevassed 
areas. 
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Liquid film of brine. 

Von Engeln suggested that glaciers owe their plasticity to relative move¬ 
ments of the crystals which are facilitated by the presence of a liquid film 
of brine at the crystal boundaries (von Engeln 1934 ). It was therefoie 
desirable to test whether such a film could be detected. No impurities 
could, however, be discovered by the method used by Tammann who 
observed a residue of NaCl crystals after a thin section of ice had evaporated 
from a slide (Tammann and Dreyer 1929 ). Later Hughes made an experi¬ 
ment to see whether ic^ from 23 m. depth (altitude 3330 m.) contained 
impurities in sufficient quantity to cause a depression of the melting point 
detectable by a Beckmann thermometer. Two consecutive experiments, 
one of them carried out with ice from an annual band, yielded negative 
results, although the method allowed for the detection of 0*004 % NaCl and 
0-008 % NH 4 NO 3 respectively. 

(b) The structure and origin of the ice bands and their relationship to 
differential movement in the glacier 

Structure of ice bands. 

The cross-section of an ice band in its earliest stage is shown in fig. 7 
(Plate 17) which represents a vertical section cut through a crust about 
2 mm. thick embedded in firn. The crystals of the crust are larger and 
enclose fewer air spaces than those of the firn. The crystal texture of ice 
bands was found to be identical with that of pond ice, the vertical orienta¬ 
tion of the hexagonal axes prevalent in the firn being very strongly 
accentuated in the bands. In contrast to the firn the orientation of the 
crystals in the ice bands does not depend upon the depth, as is shown 
by the following experiment: a sample of an ice band was taken from a 
dej)th of 23 m., 20 cm. away from that of the ice of diagram 4. A thin 
section was out parallel to the surface of the band. The stereogram 
(diagram 5 ) illustrates well the difference between its structure and that 
of the ordinary ice next to it (diagram 4). The crystals have largely retained 
the original orientation of the axes i)erpendicular to the surface of the 
band. 

As the structure of the ice bands conformed with that of pond ice it was 
easy to suppose that they had originated in a stratum of water in the fim. 
This was confirmed by the following facts: it was often observed that ice 
bands started to grow in very large numbers on the walls of pits dug in 
the glacier. These bands did not extend for more than 30 cm. inwards 
and when removed during worm summer weather with positive day air 
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temperatures revealed behind them a layer of fim soaked with water. The 
layers lay deep enpugh below the surface to be outside the range of diurnal 
temperature variations and had frozen when the existence of the pit 
enabled the low night temi>erature 8 to reach them. The bands apparently 
develop at levels where melt water is either held up by a crust or by a 
particularly fine grained layer of firn of high capillarity. They freeze into 
bands of clear ice when a w ave of low temperature from the surface reaches 
them. 

Pimible causes of ice bands. 

The origin of the bands has i)er 8 istently been connected with differential 
movement in the glacier stream. This is supposed to proceed by a series of 
slips in certain selected jjlanes and to be the source of melt water produced 
by frictional heat. The water in its turn is believed to act as lubricant as 
long as the movement lasts and to freeze as soon as it stops, thereby forming 
an ice band in the former slip plane (Philipp 1920 ). It was therefore decided 
to investigate whether any such slip planes could be detected and, if so, 
whether they would give rise to the development of ice bands. Finally, 
it had to be considered whether the total differential movement was 
sufficient to produce the quantity of frictional heat necessary for the 
melting. 

Differential movement in the Sphinx Crevasse. 

A device for measuring the differential movement was constructed in a 
crevasse (which we called the Sphinx Crevasse) near the source of the 
Mdnchfirn at an altitude of 3475 m. 

A large vertical groove was cut into the lower wall of the crevasse to a 
depth of 8 m. Bridging the top of the crevasse a long pole was firmly fixed 
in a horizontal position and a plumb-line suspended from it down the 
vertical wall of the groove. A number of wooden pegs were driven into the 
wall down the line allowing the distance of the line relative to each peg to 
he measured with an accuracy of ±1-0 mm. Notwithstanding the destruc¬ 
tion of our apparatus by an avalanche shortly after the experiment had 
come into operation, we hod fortunately by that time asoertained that the 
differential movement was of the order of magnitude of 1 mm. per 1 m. 
depth per day, showing that fim travelled one millimetre faster at the 
surface than a metre below, and so on. The inclination of the slope was 
and the total movement at the surface of the glacier at this point was 
about 5 cm, per day. 
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Difierential movemeni in No. 2 auxilifurif pit on tint 
A similar arrangement was set up in a large pit which had been dug on 
the Monchfim at an altitude of 3460 m. and which was called the No. 2 
auxiliary pit. The wooden pegs were here replaced by a vertical line of 
pins which offered two distinct advantages (fig. 8, Plate 18). First, readings 
could be taken more accurately and second, the pins could be placed so 
close together as to allow for the detection of small irregularities in the 
movement. The pin line was 221 cm. long and the pins were pushed in up 
to their heads about 1 cm. apart. The average differential movement in 
39 days was found to be 0*36 mm. per 1 m. depth per day (± 0*02 mm.). 
The inclination of the glacier was 8® and the total movement at the surface 
about 7 cm. per day. 

Owing to the known existence of differential movement, it might have 
been expected that the line of pins would have canted, at the same time 
preserving its linear arrangement. Quite a different result presented itself. 
Within two days distinct irregularities in the line could be seen. Some pins 
were moving faster than their neighbours (see fig. 8), As they were firmly 
imprisoned in the fini this can only have meant that certain units of firn 
were moving faster than others. As soon as this was noticed a second 
plumb-line of pins and then a third and a fourth were stuck in at equal 
levels at intervals of about 6 cm. If movement by layers were taking place, 
these auxiliary lines would show pin movements corresponding to those in 
the main line. Examination of fig. 9 (Plate 18) shows that this is not the 
case. 

. Later a network of pins consisting of both horizontal and vertical Imes 
was added. This showed that only large scale distortions were shared by 
more than one or two vertical lines of pins and no common trend in the 
displacement of pins at equal levels could be detected. 

It was also noticed that pins, which had originally been driven straight 
into the wall, later protruded from it at different angles. Only pins which 
had been stuck into ice bands retained their true horizontal position. 
Pigs. 8 and 9 show the network and part of the lines of pins early on in the 
experiment and near its close. 

It can therefore be asserted that no slip by layers in the upper portions 
of the nivi is observable. The implications of this experiment in con¬ 
nexion with the mechanism of flow will be discussed below. 

* This exjKsriinmt is descrilwd in greater detail elsewhere (Hughes, Perutz and 
Seiigman 1939 ). 
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Heat prodmed bp the differential movement. 

Even if the outcome of these ex^ieriments indicates that there is no 
relation between the formation of bands and the diflFerential movement it 
may be useful to calculate whether the mechanism suggested by Philipp 
would be physically possible. Let us suppose that an ice band of 5 mm. 
thickness develops 100 cm. below the glacier surface in fim of specific 
gravity 0-56, then 0*19 c.o. of water will be needed to fill the air spaces in 
I c.c. of this firn. The heat required for melting a corresponding quantity 
of ice will be 15 cal., provided the temperature of the firn is at the melting 
point. It might be assumed as an idealized case that the total potential 
energy which the firn loses in travelling down the glacier is converted into 
frictional heat and liberated in an imaginary slip plane. Then the work (A) 
done by a column of firn 100 cm. high and 1 cm. square, moving at the 
rate of v cm. per year over a slope inclined at is given by the equation 

yl^O-SS.lOOvgfsina. 

Taking the slopes near the Sphinx Oevasse and the pit as bases for the 
calculations, the annual production of heat is 067 and 0*23 cal. respectively. 
This means that it would take 11 and 33 years res}^ctively to melt the 
quantity of water necessary for the formation of an ice band of the thick- 
ness of 6 mm. It should be added that ice bands were more frequent in 
No. 2 auxiliary pit than in the Sphinx Ci*evasse although the differential 
movement was faster in the latter. 

These considerations leave little doubt that the ice bands are of purely 
sedimentary origin. 

(c) Mecha nism of flow in the neve region 

The experiments de8cril>ed in the foregoing pages proved that no laminar 
motion over large scale thrust planes takes place. The differential motion 
was found to be of the nature of a non-laminar deformation. In considering 
the internal mechanism of this deformation the following facts have to be 
taken into account: 

(1) The small difference between the average sizes of the single crystals 
in firn of medium and very low depth, as illustrated by the photomicro¬ 
graphs. This suggests that no recrystallization by the formation of new 
crystal nuclei or growth of one j)ortion of the crystals at the expense of 
their neighbours takes place after the crystals have passed the initial 
stages of fimification and that the actual age of the crystals in any given 
sample is not much less than the age of the sample as indicated by the 
number of annual bands which separate it from the surface. 
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(2) The change in crystal texture with increasing depth shown by the 
stereograms. As we have seen, the initial orientation of the crystal axes 
]^>erpendicnlar to the glacier surface gradually gives way to a random 
distribution, whereas the orientation of the crystals in the ioe bands 
remains unchanged. It was concluded from these results that in the fim 
where the crystals are in relatively loose contact owing to the large amount 
of enclosed air, single crystals or clusters of single crystals can turn round, 
move independently and thereby alter their relative orientation. In the 
ice bands, on the other hand, the crystals preserve their orientation because 
independent movements are prevented by their dense packing. 

(3) The displacement of the pins from the vertical line in the experiment 
on the Monchfirn confirmed this view. There can be no doubt that the 
pins were displaced and tilted by genuine movements of the crystals 
around them and not by melting or other disturbances caused by the pins 
themselves. Hence the small and irregular shifts of the pins must have 
been due to the haphazard motion of small units in a large mass which is 
subjected to strain. 

The mechanism of settling—the sinking together of the firn under its 
own weight—appears to be intimately connected with that of the differ* 
ential movement, as the continuous rearrangement of the small units must 
also cause them to become more closely compacted. 


4. The ice region 
(a) Experiments 

Crystal orierUation of ice under stress. 

(i) Orotto in ice apron. We found a good example of non-laminar 
distortion in an old ice grotto which communicated with our cold labora¬ 
tory. Both the grotto and our laboratory had been excavated in an apron 
of glassy ice frozen to the steep rock ridge above the bergsohrund at the 
source of the Great Aletsch Glacier. The grotto hod been built os an 
attraction for tourists in 1917 and had been out of use for some years. Its 
air temperature was - 4® C. The roof of the grotto was supported by two 
iarge columns which, according to the guide who had excavated them, had 
\>een hewn out of the ice vertically and had became deformed by the creep 
of the ioe until they had reached the shape shown in fig, 10 (Plate 19). 
Diagram 6 iQustrates the position of one of the columns in relation to the 
slope and the direction of creep of the ice apron. The rate of deformation 
of the column was measured for two months with a simple compression 
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meter, one end of which rested against the rook bed underneath the grotto 
and the other against the top of the column. Under the assumption that the 
rate of movement remains uniform throughout the year, it was calculated 
to be 6*3 cm. per annum. In the diagram, the x- and y-axes are parallel to 
the surface of the ice apron, the former being parallel and the latter normal 
to the direction of flow. The z-axm is j)erpendicuiar to the surface of the 
ice apron. 



Diageam 6 . Distortion of column in ice grotto. The dotted lines represent the 
positions of the column and the roof after the grotto had been excavated in 1917. 
The lines drawn in full show the column and roof os in 1938. Distance from floor to 
roof approximately 2 m.* 

Several thin sections were cut from the ice in this column. It was found 
that most of the crystals examined were orientated with their main axes 
parallel to the z-axis. The others showed deviations up to 30^ from this 
position. These deviations, however, were strictly limited to the yz-plane. 
Thus the basal planes of the crystals all lay parallel to the direction of flow 
(af-axis), but not to the surface of the ice apron {a;y-plane). The results 
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obtained from this locality have not been tabulated in a stereogram since 
each section contained but a few crystals and was cut from a different part 
of the column. 

The next step was to ascertain whether the orientation of the crystals in 
the columns had originally developed on the surface of the ice apron and 
had remained unchanged ever since or whether it was due to the effect of 
strain on an aggregate of crystals of a different or even random orientation. 
Therefore a sample of ice was cut from the surface of the steep slope above 
the grotto where the ice of the columns must have originated. A stereo¬ 
gram (diagram 7) shows that the crystals were largely orientated at random, 



Diaqbam 7. Ice from the surface of the slope above the cold laboratory on the 
Jungfraujoch, Equatorial plane parallel to the glaoit^r surface. Section ground by 
band. 21 crystals. 

the usual orientation of the axes parallel to the direction of the temperature 
gradient being absent, apparently owing to the steepness of the slope and 
its exposure to violent winds which disturb normal conditions of crystal 
growth. Therefore the orientation in the columns must have developed in 
the interior of this small body of ice under the influence of strain. The 
process must have taken place at temperatures below freezing-point, since, 
according to measurements carried out in August, ^le temperature in the 
interior of this ice apron was negative from the surface downwards. 

(ii) OroUo in glacier ice. The second experiment was carried out in an 
ice grotto in the Eigergletscher at an altitude of 2300 m., where the 
temperature of the ice was, of course, at the melting-point. Here a device 
for measuring the differential movement similar to that in the pit on the 
Monchftm was set up. As pins did not remain fixed in the ice, screws were 
used instead (fig, 11, Plate 10). A diagrammatic representation of the 
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diaplaoement of the Bcrews from the plumb line after 14 days is given in 
diagram 8. It is seen that the upper screws (1-21) remained stationary, 
that a maximum displacement of 3-5 mm. 
occurred between screws 21 and 22 and 
that below screw 22 the displacement 
was proceeding fairly uniformly at the 
average rate of 0-78 mm. per metre per 
day. A peculiar blue band crossed the 
line of screws at screw 22; it can be seen 
in the photograph; it enclosed an angle 
of about 20® with the other blue bands 
which were parallel to each other. It was 
also noticed that all the air bubbles in the 
walls of the grotto had the shape of flat 
ellipsoids whose equatorial plane was 
parallel to the plane of the slanting blue 
band. Above the band a crack about 
I mm. wide was to be seen which, on 
closer inspection, was found to consist of 
very large air bubbles separated from 
each other and squeezed flatter than the 
bubbles elsewhere. The crystals in the 
band were rather larger than those in 
the adjacent ice. 

It was evident from the displacement 
of the screws and the flattened air bubbles 
that the latter and single band were 
parallel to a plane of shear. The ice above 
screw 22 was being carried bodily over 
the band, which acted as a thrust plane, 

and was exercising a drag on the ice 8. Dfaph^ment of the 

7 ; ® screws from the plumb line after 

below, which yielded by plastic non- fourteen days. Horizontal scale: 1 
laminar deformation. Since the air bub- divisional cm. Vertical scale: 1 
bles were mostly intracrystalline, their ® 

flattening into ellipsoids also implied that deformation of the single crystals 
had taken place. The system of parallel blue bands seen in the photograph 
probably represents the original sedimentary stratiflcation of the ice, while 
the single band which crosses them appears to be of tectonic origin.* The 

* Banda of sedimentary origin con never cross each other since they all develop 
parallel to the glacier surface. 
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large size of the single crystals, the concentration of air bubbles above the 
band and the displacement of the screws point to the conclusion that tliis 
single band owes its development to an increased rate of crystal growth 
caused by shear in a certain layer. During the process the air bubbles 
contained in it must have l>een pushed out and concentrated above the 
band. 

A thin section of ice from the band was out by hand. The crystals were 
abnormally large in the plane of the band and five out of the six crystals 
contained in the secjtion had their basal planes j)arallel or nearly parallel to 
the plane of the band. Unfortunately time did not permit the cutting of 
any more sections from this interesting locality. 

Common orientation of the crystals was also found in various other 
places on glacier tongues. No special significance could, however, be 
assigned to any of these results as the local strains were not known and the 
causes of the orientation could not be ascertained. It was not possible to 
investigate conditions in the ablation area as thoroughly as those in the 
firn region because the experiments in the latter had occupied most of 
the four months during which this research had to bo carried out and 
each measurement of the differential movement took several weeks before 
definite results could be obtained. 

{b) Mechanism of flaw in the ice region ami the origin of the bands 
Conclusions, 

The mechanism of flow in the ablation area is difierent from that in the 
fim region. In the latter non-laminar flow alone was found to be of 
unportance, while in the ice area laminar and non-laminar flow appear to 
occur side by side. 

The mechanism of non-laminar motion also undergoes substantial 
changes as the haphazard motion of single crystals or clusters of crystals 
can no longer function owing to the dense packing and the complex shape 
of the crystals. In explaining the mechanism of non-laminar motion in the 
ice region, the following facts have to be taken into account: 

(1) The random crystal orientation which characterizes the deepest 
layers of fim is again transformed into an orderly arrangement. In one 
case (grotto in ice apron) the main axes lay in a plane perpendicular to the 
direction of flow. In glacier tongues it was ascertained that the crystals 
undergo plastic deformation and that there exists a general tendency for 
them to lie with their basal planes parallel to planes of shear. 

(2) No evidence of mechanical twinning or the formation of new crystal 
nuclei could be found. 
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(3) The average size of the single crystal increases with the length of the 
glacier. In Alpine glaciers crystals may reach diameters up to 10 cm., while 
from Greenland glaciers single crystals as large as melons have been 
reported. 

(4) Bader ( 1939 ), in a preliminary study of the mechanical proj>erties 
of ice, found that in a block of ice of random crystal orientation which 
was being subjected to shear, the majority of the crystals became orient¬ 
ated with their hexagonal axes parallel to a plane which was parallel 
to the direction and normal to the plane of shear. The process, carried out 
in the neighbourhood of - 6 ° C, was accompanied or followed by an increase 
in the average size of the single crystals. No formation of new crystal 
nuclei or twinning was observed, but merely growth of some crystals in 
favoured orientations at the expense of their neighbours. 

These facts show that the effect of the differential flow on glacier ice is 
to some extent analogous to the influence of rolling on a multicrystalHne 
sheet of a metal of hexagonal symmetry. In magnesium, for instance, cold 
rolling produces a reorientation of the axes relative to the crystal 
boundaries which is caused by glide along the basal planes and results in 
an orientation of the basal planes parallel to the plane of the sheet (Schmidt 
and Wassermann 1930 ). If the rolled sheet is heated to a high temperature 
for a short period, recrystallisation sets in, i.e. new crystal nuclei form in 
regions of high internal stress and grow at the expense of existing ones. 
If the heating is sufficiently prolonged, a process of crystal growth occurs 
which generally results in an increase of the average size of the single crystals. 

The orientation of the ice crystals under conditions of strain mentioned 
in points 1 and 4 is in good agreement with the phenomena observed in cold 
worked metals and it is therefore reasonable to sujjpose that the reorienta¬ 
tion of the ice crystals is due to a mechanism similar to that occurring in 
metals. The absence of mechanical twinning, in particular, suggests the 
analogy with magnesium. A discrepancy, which we have so far been unable 
to explain, is presented by the orientation of the crystals in the ice column 
in the grotto. While in this grotto the crystal axes all lay in the plane 
normal to the direction of deformation (xz-plane), the axes in Bader and 
Hoefeli’s experiment and in rolled sheets magnesium lie in a plane which is 
normal to the plane of shear (viz. of the sheet) and parallel to the direction 
n/ deformation. It may be possible, however, that a more precise knowledge 
of the strain in the column would have furnished us with an explanation 
of this result. 

It is also difficult to account for the growth of crystals in glacier tongues 
to sizes which are unusually large as compared with those observed in 
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deformed metals and rooks and, on the other hand, for the absence of 
recrystallization by the formation of new crystal nuclei as exemplified by 
the complete absence of crystals under 6 mm. in diameter. As a working 
hypothesis it may be suggested that differences in the energy content of 
neighbouring crystals are responsible for the growth. It would appear 
that crystals whose orientation allows them to yield to shearing forces by 
glide along the basal fJanes are subjected to a relatively smaller stress 
than other crystals in a different orientation which cannot yield. The 
former would thus possess less free energy than the latter and therefore 
would have a tendency to grow at the latter's expense by the transfer of 
molecules across the crystal boundaries. In considering the absence of 
recrystallization the other hand, it must be borne in mind that the 
temjwature of the whole of the ice region is always at the pressure melting 
point and that high local stresses, which at lower temperatures might 
favour the formation of new crystal nuclei, would here cause melting to 
take place instead. 

Blue hands. 

The problem of laminar motion is intimately connected with that of the 
blue bands and the question of their continuity with the ice bands in the 
firn region. We distinguished three types of blue bands in the glacier 
tongue: first, those which are of sedimentary origin and represent the 
survivors of the ice bands in the nevi area; second, those which are the 
traces of closed cracks and crevasses; and third, those which develop in the ice 
and are caused by shear in thrust planes. There can be no doubt that the 
kje bands from the rdve region survive for a considerable period in all parts 
of the glacier tongue and are continuous with at least part of the blue 
bands. Observers such as H. F. Reid ( 1903 ) followed the stratification 
bands in the firn right down to the ends of glaciers in the Alps. We noted 
that the appearance and frequency of ice bands in the lower parts of 
crevasses of the fim region differ in no respect from those of the blue bands 
in the tongue. 

The second variety of blue band can be of no particular importance in 
the mechanism of flow, since cracks and crevasses rarely reach far below 
the surface and their traces soon disappear owing to ablation. An example 
of the third variety was seen in the ice grotto on the Eigergletsoher. It did 
not seem probable, however, that this band could have developed from a 
crack in which the ice crystals hod become crushed and mixed with water, 
a mechanism which Philipp imagines to take place ( 1920 ). It appeared 
rather as though abnormal strain had accelerated recrystallization in a 
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certain layer and caueed reorientation of the crystals and removal of the 
air bubbles. The differential motion in the thrust plane itself must have 
been more in the nature of creep accompanied by crystal growth and 
deformation than of spasmodic motion such as that described by 
Chamberlin.* 
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5. Summary 

The mechanism of glacier flow and the transformation of firn into glacier 
ice were investigated on the Great Aletsch Glacier and in neighbouring 
regions. Samples of fim or ice were taken from the walls of crevasses and 
from grottoes and pits dug in the glaciers. Thin sections were out from 
these samples and examined by the standard methods of optical crystallo¬ 
graphy and a study made of the size, shape and orientation of the oiystals 
and the distribution of air spaces between them. The following results were 
obtained: 

(1) During the transition of firn into glacier ice the air spaces, forming a 
system of intercommunicating capillaries in the fim, become reduced in 
number and separated jfrom each other by compression and by the growth 
of the crystals. This growth is primarily effected by the refreezing of melt 
water retained in the capillaries. 

• We carried out no detailed examiimtion of the extensive vertical or nearly 
vertical bands such as are to be found in the Lower Grindelwald Glacier and are 
therefore not certain to which of the three fsategories they belong. 
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(2) A large |)erc^entage of the firn crystals near the surface of the nevi lie 
with their hexagonal axes at right angles to the surface of the glacier. This 
orientation appears to be part of a general rule whereby reorystalUzation of 
snow by melting and refreezing or by sublimation involves a reorientation 
of the crystals with their axes parallel to the direction of the temperature 
gradient. 

(3) Iri the course of 6^-8 years the initial orientation of the crystals near 
the surface gives way to a random distribution. The change seems to be 
due to the haphazard motion of single crystals or clusters of single crystals 
which constitute independently moving units in the mechanism of flow in 
the nevi area. They are the bearers of the “differential movement*’ which 
measurements showed to be irregular on a small scale but uniform and 
continuous when regarded as a whole. Large thrust planes are absent in 
the neve, 

(4) Stratification bands in the neve form by the freezing of wet strata of 
firn and have no connexion with any irregularities in the differential move¬ 
ment. The orientation of their crystals is similar to that of pond ice. The 
blue bands in the glacier tongue are divided into three categories: first, 
those which are old ice bands originally present in the ndvi; second, 
remnants of former fissures and crevasses; and third, those which represent 
thrust planes and are caused by laminar motion of large strata of ice. 

(5) Examples both of non-laminar and of laminar motion were observed 
in the glacier tongue. In places where the ice was subjected to shear the 
crystals were orientated with their basal planes parallel to the direction of 
shear. A mechanism of plastic deformation is proposed which accounts for 
these findings and is based on the growth, deformation and reorientation 
of the crystals. 
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Description of Plates 16-10 
Plate 16 

Fi«. 1 . Annual bands in a crevasse on the Monchfirn. The distances bet'ween 
successive bands vary between 3 and 4 m. Ice bands arc not visible owing to 
the weathering of the surface by the sun. On the left-hand wall all bands ans 
covere<l by a tliin layer of fresh snow. 

Fio. 2. Ico bands in a crevtisse on the Mdnohfirn. The thickness of the larger bands 
is about 5 cm. 


Plate 17 

Fia. 3. Thin section of firn between crossed nicols. The sample was taken from 
immediately above the dm line on the Aletsch Glacier. 8 p. gr. 0 60. The 
scale is marked by the fret-saw blade at the bottom of the j)hotograph. The 
distance between two successive teeth corresjmnds to 0*9 nun. (For stert^ogram 
see diagram 1, p. 342.) 

Fid. 4. Section of ice taken from below the fim line. 

Fid. 6 . Firn from a crevasse in the Monchfim. Altitude 3330 m., depth 14 m,, 
sp. gr. 0*72, ago 3 years. (For stereogram see diagram 3, p, 344.) 

Fid, 6 , Ice from the same crevasse. Depth 23 m., sp, gr. 0-80, age 6 years. (F'or 
stereogram see diagram 4. p. 346.) 

Fid. 7. Vertical Beciion of thin crust embetldeil in early firn. Altitude 3400 in., 
depth I m. 


Plate 18 

Ftd, 8 . Plumb lines and pins in No. 2 Auxiliary Pit on the Mdnclifim on 9 August. 
The row of pins on the left had been constructed on 22 July with the pins 
accurately in line. The rectangular network of pins in the centre is seen 
immediately after its construction. The auxiliary pin rows above and below 
the network were made on 2 August. The pins are approi^imately 1 cm. apart. 

Fid. 9. The same on 22 August. It is seen that the network of pins has become 
distorted and that the displacements of the pins in the row on the left and the 
two auxiliary rows have increased considerably. An increase in the thickness 
of the large ice band can also be noticed, as the lowest horizontal pin row of 
the network, wlxich is well clear of the ice band in the picture on the left, is now 
enclosed by the band. The direction of the glacier flow is from right to left. 
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Plato 19 



Fig. 1.0. loe column in the grotto on the Jungfreujooh. Height approximately 9 in. 
Dimotion of flow from right to left. The hanging thermometer ahowe the 
vertioaL 


Fia. 11. The row of screws and the slanting blue band in the ioe grotto on the 
EigergJetscher. The bands corresponding to the sedimentary stratifleation are 
visible in the lower part of the picture. The distances between sueoessive 
screws vary between 2 and 3 um. Direction of flow from left to right. 


A theory of electric polarization, electro-optical Ken- 
effect and electric saturation in liquids and solutions 

By a. Piekaka, Ph.D. 

Lecturer in Experimental Physics, Jagiellonian University, Crac<nv; 

Physical Laboratory, Prince Sulkmmki Lyceum, Rydzyna (Poland) 

(Communicated by R, H. Fowler, F,R.S.—Received 28 March 1939) 

1. Inteodttction 

I recently published some pai^ers (Piekara 1937a, 1938) concerning the 
theory of dielectric polarization in polar liquids and their solutions in non¬ 
polar solvents. I have assumed the existence of two kinds of intermoleoular 
coupling forces. The coupling forces of the first kind are due to the direc¬ 
tional field produced by the surrounding molecules (ordered as in f crystal 
lattice) of potential energy - cos 6 ^ is the angular displacement of the 
dipole axis from the momentaiy axis of equilibrium, which can take all 
possible diiections in space. This idea has been derived from R. H. Fowler 
(1935) and P, Debye (193 5 a), who developed with the help of this conception 
a theory of dielectric polarization. In order to obtain a satisfactory agree¬ 
ment with experiments on liquids, it proved, however, necessary to assume 
still a second kind of coupling forces. Simultaneously it has been shown, 
that these latter play a more important role than the first ones. The 
coupling forces of the second kind are due not to aggregates of well* 
ordered molecules, but to the next molecule, which happens to be in the 
neighbourhood of the molecule just considered. As a matter of fact there 
are several such molecules in the vicinity, the action of which should be 
taken into account. Let us, however, consider only one such molecule, which 
is quite satisfactory as a first approximation when molecular dipoles tend 
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to otimtmiim. This k case of liquids in wMoh the dieloGtrio 

polarisation depends on the conoentration as in the oaae of nitrobensene. 
Polar molecules, when oriented antiparallel, form transitory aggregates, 
whose field, being similar to that of a quadrupole, has a short range. In the 
opposite case, when the molecules tend to a parallel orientation, and the 
field of the aggregate has a rather long range, like the field of a dipole, it 
would be necessary to allow for other surrounding molecules. We shall there¬ 
fore consider only molecules of the kind of nitrobenzene. The potential 
energy of the coupling of the second kind is to a first approximation 
“l^Joos^i, where, as in our case when molecules tend to antiparallel 
orientation, 180 ° -^2 is the angle between the dipole axes of the molecule in 
question and its antiparallel neighbour. This conception is not synonymous 
with the existence of association between the molecules, which implies the 
existence of atoichiometrioally defined aggregates besides single molecules. 
On the contrary, according to this conception all molecules ai*e more or less 
subject to coupling forces, and is only a certain statistical mean value of 
the mutual energy for different distances of two neighbouring molecules. 

A first attempt at such a theory has been recently developed in which the 
coupling of the first kind only was taken into account in the first approxima¬ 
tion; an exact calculation involved unsurmountable difficulties, and a second 
approximation yielded extremely complicated formulae, without much im¬ 
proving the accuracy of the result. I owe to Professor R. H. Fowler a sugges¬ 
tion, according to which I could avoid the difficulties mentioned above. The 
theory offered in this paper leads in the special case of small values of to 
the formulae obtained in my preceding paiHjrs. In order to avoid burdening 
the argument, the necessary mathematical proofs are relegated to an 
appendix. 


2. Genkral formulae 

Upon the molecule, whose dipole axis has the orientation OM (fig. I), 
acts (1) the coupling field vector of the first kind, WJ/i, in the direction OAi, 
and (2) the coupling field vector of the second kind, WJfij in the direction 
OA^. The angle between these vectors is A, The molecule is therefore at a 
given instant under the influence of the resultant intermolecular field 
vector, Wjfi, acting along the axis OA, where 

r « (-f ITi + 2Wi cosyl)*. 

Moreover, the external electric field F acts also on the molecules. The axes 
OA^^ OAgy OA and the dipole moment axis OM are at a given instant 
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inclined to the field vector F at the angles Q and 0 respectively. The 

total potential energy of the molecule is 

?7 = * cos 6^1 - Hg cos 0 ^ - fiF cos 0 == - IT cos 6 ' — ^F cos 6 , (I) 

where 0 * is the angle AOM. 

Let us denote by the symbol ^ any function, (connected with the mole¬ 
cule, being itself a function of the angles between its moment axis and the 
previously mentioned forces and of the angles determining the orientatioji 
of these forces in space. Let us assume at first that the direction of the axes 


z 



OAj, OA^ and F in space is a fixed one, and that only the moment axis OM 
may take up different orientations. The statistical mean of the function 
which will be denoted in what follows by is in this caee represented by 
the well-known formula 


M(?i) 




( 2 ) 


where in the Boltzmann distribution factor the kinetic energies of 

rotation and vibration are omitted; the single bar denotes the usual geo¬ 
metrical average, i.e. an average over all directions of the moment axis, 
ascribing equal weights to all directions. We introduce the following 
notation; 



X = fiFjkT, 

(3) 


3/1 « WJkT, 

(4) 


y% ** 

(6) 

And 

y -= WjkT = (3/f+y| + 2yiy,coe/l)*. 

(6) 
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Moreover, we letM®( 0 ) denote the statistical mean of ^ in the absence of any 
external field, 


M«(^) = 




( 7 > 


In this case the statistical mean in the presence of the external field may be 
expressed by expanding the expression (2) in the following series: 

M(^) = + X [M®(^ cos 0 ) —M®(^) M®(co8 df\ + 

+ cos* 0 ) — M®(^) M®(cos* 0 ) — 

— 2 cos 0 ) M®(cos 0 }'i ‘2 {M”(cos ^)}*] + ... etc. (8) 

The values of M“(^) and the other terms depend, of course, on the direc¬ 
tions of the axes OA^ and ()A2 in space. If, keeping the position of the axis 
0^42 fixed, we let the axis OA^^ assume all possible directions, then we may 
calculate new mean values, which will be denoted in what follows by a bar, 
and so forth. We calculate therefore 

M(^) = cos 0 ) — M®(co8 ^)] + 

-h ^x^ [M®(0 cos* 0 ) — M®(^) M®(co8 * 0 ) — 

— 2 cos 0 ) M®(co8 0 ) + 2 M®(^) {M”(cos 0 )}*] + ( 9 ) 

This expression is a function only of the angle and oix/y^ and ^^2* Finally, 
we must take into account the fact that the axis OA^, being acstually the 
moment axis of a molecule similar to the molecule under consideration 
{OM)f may assume in space different dii*ections, which are now, of course, 
not equally likely a priori. When, as we assume, the molecules tend to anti¬ 
parallel positions, then the axes OM and A^O have in space an identical 
distribution. This distribution is, however, perturbed by the interaction of 
the molecules upon each other. We shall obtain, as a result, a “statistical 
perturbed average*', which may be designated by an asterisk: M(^), The 
manner of calculation of this average will be examined further, cos 0 will 
play the role of ^ in the calculation of dielectric polarization, whilst cob ^0 
plays the same role in the Kerr effect. 


3. Electric polarization 

The molecular polarization, of free molecules (in the gaseous state) 
may be calculated from the w^ell-known formula 


Vol I7^m A. 


24 
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where M(TO;j<) is the statistical average of the moment component of the 
molecule in the direction of the external field. If we consider only the part 
of the polarization arising from the dipoles then 

M{vip) — fiM{ooad) 

and gagP-i'P = ^iV;t™M(co86>). (10) 

Omitting the effect of electric saturation, we obtain, for free molecules: 

M(cos0) = Jar, 

and 

On the other hand, the molecular polarization of pure polar liquids and 
their solutions must be calculated by the formula 

pmp ^ ^ jv/t (106) 

O OjP 

Now in this case we calculate M(cos 0 j from the series (8) by taking into 
account only the first two terms of the development (i.e. by neglecting the 
saturation effect) 

M(cos 0 ) =: M®(cos^)+ a;[M®(cos 2 ^) —{M*>(co8 C^)}*], 

Since cos <9 = cos S' cos Q + sin 0 ' sin Q cos ^6, 

M 0 (cos^') - L(Y) 

and M 0 (co 8 »« 9 ') = 1-2^^ 

{L being Langevin’s function); therefore 

M(cos 0 ) = Z(r)cosl 2 + a:p-^i(l- 3 oo 8 *l?) + {l-i*(F)}co 8 «i 3 j. ( 11 ) 

In order to calculate M(oo8 d), we shall not apply the integration over all 
directions of the axis OA^, because it offers too grave mathematical dif¬ 
ficulties. We shall rather perform the calculation in a manner similar to that 
used by Fowler in his above-mentioned paj^er. Let us consider all the 
transitory aggregates (pairs) of molecules, whose one partner has its dipole 
axis oriented at the given instant inside a small solid angle dot with the axis 
OA^. The axis OA^ may assume all possible directions. We may therefore 
admit, with a certain approximation, that the axes OAi of one-sixth of the 
whole number of pairs assume directions approximately parallel to OAg 
(A s 0), that the axes of another one-sixth assume antiparallei directions 
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(A =w 180 ®), and lastly that the axes of the remaining two-thirds assume 
directions approximately perpendicular to OA^ {A = 90 ®), all these latter 
directions being equally j) 08 sible, since the external field has no influence 
upon the direction of the axis OA^. It follows from the proper spherical 
triangle in fig. 1 that 

cos -0 — y [(2/2 + Pi A) cos + yi sin A sin cos i] , 


We obtain, by calculating in the above manner, 


M(co8 0} = L(iji + - g Liy^ - y^) + “ ^WCv'i + 2'!))] «os + 

+ ^ (1 - 3 C08* i [ 1 - 

4. \ (1 _ 3 eos^ Q^) + ,5[ 1 - JAVi- 2/2)] + 


+ 2 ^^^1+?/i)} r, , Ill+M- J2/|) £08*22,-] 
3 7 (?/i+ 2 /i) L ' y\+y\ J 

+ |[I-L*{V(2/? + ;y|)}] 


+ 


2 r. ...... .... ky\ -f (?/i “ |y?) ooh^Q^\ 


yh^ yl 


( 12 ) 


The statistical perturbed average of cos/? may be calculated, by putting 
M(cos??) instead of ^(oosi/) and M(cosii?aj^ instead of oo&Q^, while, ac¬ 
cording to what has been said at the end of § 2, 

M(co8^j = —M(cosf22) . (L3) 


Similarly we replace cos® fig by 94 ( 008 ^/^ 2 ) ** This last value will be strictly 
calculated in the next paragraph. Meanwhile, since M(cos( 9 ) will be de¬ 
termined with the omission of higher powers of x, it suffices to put the first 
approximation 

M(oos*/?2) = (14) 

This is a correct value, since, when there is no coupling, we have 


M(cobW,) « 1-2-^^^ i + 

X 

and when coupling appears it can change only the second term (see the next 
paragraph). On the other hand, the first term must remain unchanged, 
because for a; « 0 (the absence of an external field) the distribution of the 
directions of the axes OM and A^O must be wholly disorderly, since there 
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is no privileged direction. By applying the conditions expressed in (13) and 
(14) to (12), we obtain 


where 


M(cos^) = 


(15) 


R 


J - U+ Vt) + - ya) + 4Li‘{V(yf+1^)}1 

+ g L{yi + 2 / 2 ) - ^(^1 - 2 / 2 ) + * ^(yf+W) 


( 16 ) 


-K in a ''reducing factor which can be determined experimentally with the 
help of the formula 

(17) 


This latter follows from comparing (10a), (106) and (15). When there exist 
no coupling forces of the first kind = 0), formula (16) changes into 

R^l^Liy^). (18) 


Developing the numerator and the denominator of (16) in a series of powers 
of y^ and neglecting the terms containing higher powers than the second, 
we obtain my former formula, derived in my last paper, for the case in which 
there exists coupling of the second kind and feeble coupling of the first kind 
(Piekara 1937a, formula 22a; Piekara 1938, formula 1). Formula (16) is, as 
a matter of fact, also approximate, because in calculating (12) instead of 
integrating we have applied an approximate method, but it has the ad¬ 
vantage over my former formula, that it yields exact results also for the 
opposite case of a strong coupling of the first kind and a weak one of the 
second kind, not yielded by the former formula. In particular we obtain 
from it for yg = 0 the formula derived by Fowler and Debye: 




coth yi 1 1 


yi 


y\ 


sinh^yi 


( 10 ) 


In order to apply formula (16) to solutions of polar liquids in non-polar 
solvents, wo assume that and are proportional to the number of mole¬ 
cules per c.c., since W\ and are proportional to 1/r®, where r is the distance 
between the dipoles. Besides this coupling of the polar molecules of the 
solute there still exists a comparatively weak coupling between the dissolved 
molecules and those of the solvent. We may allow for this last coupling by 
assuming that it is proportional to the num ber of the molecules of the solvent 
per c.c. We have, therefore, 


yi == A^cd^Bx{^-c)d, 
y% “ A2cdf 


(20a) 

(206) 
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where c denotes the concentration by weight of the solution, and d its 
density, and are coefficients re8j)onsible for the coupling of the first 
kind, denoting in particular the coupling with the solvent, and the 
coupling of the second kind. We have calculated R, assuming either 
= 4*3, = 1-5 and A^ ^ 6*2, or A^ = l, = 1*5 and A^ — 8. The 

corresponding values of R are plotted against coivcentration in fig. 2. In 
this figure the curve for the first set of constants A^, and A^ is designated 

by i?|> and the curve for the second set of constants by jRJi. The circles 
denote the experimental values of R for solutions of nitrobenzene in hexane 



(Piokara 1937a). The first graph {J?},) shows a very good agreement with 
experiment for all concentrations between 0 and 1, while the second one 
(R]}) does this only in the case of diluted solutions (concentrations between 
0 and 0*2). 

The diagrams of the function R « f{yi) for different values of ^2 repre¬ 
sented in fig. 3. The corresponding values of are marked over each graph. 
This permits us to observe an interesting role of the coupling forces of the 
first kind. Namely, when the coupling of the second kind is weak (small 
values of y^), the coupling of the first kind diminishes the value of R, and 
consequently the electric polarization, acting jointly with the coupling of 
the second kind. When, on the other hand, the coupling of the second kind 
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is strong (large values of the coupling forces of the first kind act in the 
opposite sense: they increase R, and therefore also the polarization, im¬ 
pairing the coupling of the second kind. This happens for instance in the case 
of solutions of fatty acids in hexane or other non-polar solvents. The 
polarization of these solutions rises w^fh growing concentration instead of 
diminishing (Piekara and Piekara 1934). A quantitative comparison cannot 
be made, unless we know the dependence of on the concentration. The 
simplest assumption, that is constant, which would denote the existence 
of a true association into double molecules, independent from the con¬ 
centration, is not sufficient. The experiments show rather that diminishes 
with rising concentration (dissociation). 



Fki. 3 

4. Electro-optical Kerb effect 

Let us denote by x, y, z a co-ordinate system connected with the molecule 
and by X, Y, Z another co-ordinate system fixed in space. The electrical 
vector F of the external field may act in the direction of the .Z-axis and the 
electric vector of the light-wave E’ may act either in the direction of the 
Z~ or the X-axes. These latter axes make with the co-ordinate axes x, y, z 
the following angles: 

* y z 

Z(F) a, ac, a, 

X a( <xi aj 
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The moment of the molecule may lie in the direction of the 2-axis; then 
atj =a 6 . Let us introduce an angle ^5' between the planes zOZ and XOZ and 
another angle ^ determining the rotation of the molecule around its moment 
axis (2-axis). Thus the cosines of the angles of the above table turn into 


cos =5 — sin d cos yir, 
cosag- Hind Bin \Jr, 
cos = cos 

cos ai = cos 0 cos cos }jr —sin <!>* sin 
008 ag = ~ cos 0 cos sin ijr — sin cos 
cosaa = sin ^ COSTS'. 




( 21 ) 


When E' lies in the direction of JF, it induces in the molecule an electric 
moment whose component along F is 


where 


mp = y^E\ 


Ytr - bx cos* OLi -f fcg cos* ag 63 cos* cos a^ cos + 

-h 26gg cos Og cos ag + 26 j 3 cos a^ cos ag. (22) 


Here 6^, ftg,... denote, as customary, the tensor components of the optical 
molecular polarizability. Similarly, when E^ is perpendicular to F (i.e. E' 
oscillates along X), it induces in the molecule a moment, whose component 
in this direction is 


where 


mjc = y^E', 


Jx “ bi cos* a[ -f- 62 cos* ag *f 63 cos* -h 26ia cos oc[ cos aj 4* 

+ 2633 cos ag COB ag + 2613 cos aj cos ag. (23) 

On account of the strong directional action, exerted by the field F upon the 
dipoles, let us neglect that part of the saturation which comes from the 
electrical anisotropy of molecules. This assumption limits the applicability 
of this theory to those polar substances which show in the Kerr effect an 
anisotropic term feeble in comparison with the dipole term. There are many 
such substances: nitrobenzene, acetone, alkyl halogenides, etc. Hence we 
may calculate, after the introduction of expressions (21) into (22) and (23), 
the averages for all rotational situations around the dipole axis, by evalu- 

1 r**' 1 

ating the integrals — J y^rd^ and —J yxd^r. It must be mentioned, 
moreover, that all directions of the dipole OM around the Z-axis, 
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... etc, being constant, are equally possible. Therefore we can 
calculate the averages for different values of the azimuth by taking 
1 1 

integrals y»d6' and — Thus we obtain 

znj 0 j 0 " 

7f " Wh + ^-^ 2 ) + ^8 ( 2 ^) 

7x i{bi-^h2){.l-^coB^6)-h^b^(l-oos^0). (25) 

Now the evaluating of the statistical perturbed averages of the polariza¬ 
bility 7jr and 7 ^ reduces itself to calculating only M(cos*^) : 

^( 7 f )* == i(6i + 62){l“M(co82|9)*) + 63M(co82 0) (26) 

M(7^y - i(6i + 52){l-^M(co8V^) V (27) 


► In order to calculate M(cos2^) with an accuracy including x^, we must 
first evaluate M(cos^ 0) with an accuracy including and M(cos^ 0) with 
an accuracy including only ofi. We calculate these expressions with the help 
of formula (9), putting ^ dor ^ = cos* <9 and using the method applied 

already to formula (12). In analogy to (13) we write the generalized condition 

M(cos*"i9) = M(co8*^/ja) (28) 


and 'M(co^®«--^0) = (29) 

and we obtain as the result M(co8*0) = (30) 

M(cos*(9) = |xi?, (3J) 

E being determined by formula (16). Thus, profiting from the two last 
results, we obtain 

M[co 82 0 )* ^ 1 + i^ocRRy (^ 2 ) 

where is a new reducing factor expressed by the formula 




^iVi + Vt) + ^{Vi - Vz) + 4^W(y! + y*)} - 
- 2iRr+ 4 

_L yi+vz Vi-Vz 


Hyi-V t) , 4 _ yz ___, ^yiyi+yt)T 

yi-Vi V(yf+y|) ^/(yHyl) - 


2 y* + Myi+ya) ^ Myi-yj) ^ 4 yl-MH^iyl+yl)) 

y\+y\ yx-yz yf+y* V(yi+yi) 


has the form 


'2-zM-2L»{y) 
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When there exists only coupling of the first kind (y^ > 0 , *= 0 ), R becomes 

identical with the reducing factor of Debye (of. Friedrich 1937 ) 

Hk = mViY (35) 

Combining (32) with (26) and (27) we get 

^{Jf) = l(5i + 52 + 63 ) -f 45 py 2 (^^3 — 5^ — 63 ) (36) 

M(r7)‘ = i(6i + <'2 + <'a)- i^%5^yJ263 - 6i-6,)/?^. (37) 

Hence we see that the dipole term, denoted in the Kerr effect, as usual, by 

0 ^, which for = //g = 6 and = // is equal to - 5^ — ftg), is now 

reduced in proportion to Rj^: I. Also the ‘'molecular Kerr constant’’ Kq 
is reduced in the same proportion. For gases it is 

A7* = + 

For liquids and solutions, on the other hand, it turns (on account of neg¬ 
lecting the term of anisotropy 6 ^j) into 

(38) 

This expression allows one to determine experimentally the value of R^ for 
the mixtures of nitrobenzene and hexane, referred to in the foregoing 
paragraph. These values may be compared with those computed from 
formula (33). It is characteristic that formula (33) does not contain any new 
constant, since the constants J i, Bi and J g, involved in y^ and yg, are already 
determined from the corresponding polarization-concentration curve. 

The comparison of the values of Rj^ calculated and measured is shown on 
fig. 2 . The curves on this figure are theoretical curves calculated from formula 
(33) for difierent concentrations, while the circles on this same figure repre¬ 
sent experimental values of as obtained by L. Kozlowskif for solutions 

t In order to oaloulato K*”/Kl^, I applied the following values of K”*, 

privately oommunioatod tome by Dr L. Kozlowski (some of these results have been 
published in 1038): 

008 0-20 0*30 0*40 0*50 0*60 

/i:«xl0«=: 646 448 334 261 214 168 

I accepted for at 26'' the value 1280 x according to the value of Fricdricli 
(1937) 1304 X 10"« for 23°. The value of for nitrobenzene (c- 1) has been 

derived from Friedrich for 23°. 
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of nitrobenzene in hexane at 26° and for A = 678 The ooinoidence be¬ 
tween theory and experiment, when the first triplet of constants is used 
(viz. == 4-3, =r 1.5 and =» 6-2, graph R^),for aformul/a^ which does 
not contain any new constant, is rather satisfactory. It is interesting, that for 
the second triplet of constants (viz. - 4 ^ — I, 1-5 and — 8 , graph R^) 
the theory predicts, for sulficiently large concentrations, negative values 
of This result will not be so stupefying, if we take into account that, 
in this theory, the deformation of molecules due to intennoleoular forces 
is disregarded. This deformation, changing the orientation of the dipole 
moment relatively to the ellipsoid of polarizability, may produce a very 
significant influence on the Kerr effect. It may even cause a change of sign 
of the Kerr constant, in the case when the dipole axis becomes nearly 
perpendicular to the axis of the greatest optical polarizability of the 
molecule. It seems probable that this effect of “ intermoleoular field 
deformation ” may in many liquids compensate the change of sign due to 
the coupling of the second kind. 


6. Eleotbic sattjbation effect 

In order to evaluate the saturation effect in electric polarization, lot us 
calculate M(co8 0^ with a greater accuracy than in §3, namely including 
also the terms containing Taking into account in the expression (8) also 
the fourth term of the development, we obtain with ^ = cos 0 

M (cos 0) = M®(co8 6)-^x [M^(co8® 0) — {M®(cos 0)Y^ -f 

+ [M®(co8 ® — 3 M*^(cos 0) M®(cos® 0) + 2 {M®(co8 0)}®] -h 
-f [M®(oos* 0) — 4 M®(oos 0) M®(cos® (9) — 3 {M®(cos® 0)Y 4* 

+ 12 M0(cos® 0) {MO(cos 0)Y - 6 {M®(cos 0)Y ]. (39) 

M(cos 0) and M(cos 0) will be calculated in a manner similar to that used in 
expressions (11) and (12). With the help of the conditions expressed in (28) 
and (29) and applying for oobQ^ expressions (30), (31) and (32), we 
evaluate M(co8 0) : 

M(cos5)* == IxR’-^x^Ri^, (40) 

where R^ is a reducing factor responsible for the diminution of the electric 
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eaturation effect in a liquid as compared to the same effect in the gaseous 
state (i.e. calculated after Debye’s former theory). It amounts to 

+ 2 /*)+ iR*(yi - y,) + mM+vD) - ] 

- 2 jKx- [i-S'lj/i+yj) + ^S{yy - y^) + §{(y| - \y\)l(y\ +yi)} S^tyl + y|)}] - 

^_L_ - 9i? \\8{yi + y^) - ^s(yi -y^) +1 {y^^j{y\ + yj)} a{V(y!+ yj)}]. 

' 1 + JJ^(yi + yz) - \L{y^ - y^) + |{ya/V(yi + vl)} + yl)} 

(41) 

if and denote here the reducing factors respectively of the electric 
polarization and of the Kerr effect. Both are determined by formulae (16) 
and (33). is Debye's functionf represented by the formula 


R*{y) = sjl - 4.L\y) + 3L%) + 4^-^ \2L\y )- l] + 6®J 
and 8 (y)=^Q(y)-^^p, 

'‘*( 2 /) = Q{y) i^iy)^ 

where Q is Fowler’s functionf 


2-^-my) = — - 1 - 

y y* sinh*y 


Qiy) = 1 

On the other hand, relying upon the relation 


(42) 

(43a) 

(436) 

(43c) 


M(cSe)- - 

fl 

where M(mjf.) in the presence of coupling forces has the same significance 
as M{mg<) in paragraph 3 without them, we obtain in the well-known manner 
the formula 

Je = - I27rn(^-^f(44) 

Here n denotes the number of molecules per c.c., e the dielectric constant 
of the liquid and Je its change under the influence of an electric field E, in 
o.s. units. This formula enables us to make an experimental determination 
of the reduoting factor R^ of the electric saturation. 

It is interesting that, according to experiments of the author and 
B. Piekara ( 1936 ) performed with nitrobenzene purified and dried in the 
best possible manner, Ae is positive. This is the so-called ‘'inverse 

t Of. Appendix VII, where the numerical values of the functions L, Q, and 
for difTerent values of the argument are gathered in a table. 
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saturation effeot”. In other words, is negative when the liquid is quite 
dry. The cleanest nitrobenzene, which has been applied by the authors, 
showsrelatively very large effects= -f 2‘4x 35,000 volts/cm., 

that leads to = — 5 x 10 "^. On the other hand, we obtain for solutions 
of nitrobenzene in non-polar solvents normal negative effects, i.e. for 
positive values, but only when the concentration of nitrobenzene is leas 
than ra. 90%. 



If we put in the formula (41) ^ 0 , i.e. if we neglect the coupling of the 

second kind, wo got 

R^iVx) - R^iVx). (45) 

i.e. the former formula of Debye (1935 6 ). The function i?^(yx) is represented 
by the graph on fig. 4. We see that JB* never turns negative, and therefore 
this theory cannot explain the inverse saturation effect. On the other hand, 
if we take the opposite extreme cose, i.e. when there exists only coupling of 
the second kind, then, by putting = 0 into formula (41), we obtain 

RM “ « *^7- - [1 + fiHVi)] [1 - m 

Vi 

The function JBs(yj) is represented by the second graph on fig. 4. We see 
from this graph that, for y^>ca, 1*33, RsiVt) becomes negative, which 
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explains the appearance of the inverse saturation effect.f The mechanism 
of the origin of this effect may be described as follows. The molecules 
associate by pairs of a transitory character, more or less strongly coupled. 
The external field tends to orient both the partners of such a pair f>arallel 
to F, As a result of this action the angle between the axes of the partners of 
the pair changes by a very small amount, which yields statistically a slight 
increase of the resulting moment of such transitory pairs. Hence appears the 
inverse effect of the saturation, which may easily surpass the ordinary 
Langevin-Debye negative effect of the saturation. 

The quantitative application of formula (41) to i)olar liquids is for the 
present of little importance, on account of the small accuracy of ex}>eri- 
inents performed as yet, especially with conducting liquids. On the other 
hand, there exists the deformation of the molecules under the action of the 
external electric field (deformation of second order), which has a strong 
influence upon the electric saturation effect, as has been shown by the author 
both theoretically (Piekara 1937a) and experimentally (Piekara and Piekara 
1937). This deformation should be taken into account besides the coupling 
of both kinds. This “external field deformation of the second order should 
not be confused with the “intermolecular field deformation” mentioned 
in § 4 of this paper. This latter may induce a change of situation of the 
molecular moment relatively to the axes of its ellipsoid of jK)larizability. 
This deformation effect may have a very strong influence on the electro- 
optical Kerr effect, but, on the other hand, it seems to have no significant 
influence on the electric saturation effect, in which the dipole moment and 
not the ellipsoid of polarizability play the chief role. 

Recently Onsager (1936) has developed a theory of dielectric polariza¬ 
tion in liquids, which has attained some success (see also Van Vleck 1937 
and Falkenhagen 1938). On the other band, its application to |)olar liquids 
and especially to their solutions in non-polar solvents offers some dis¬ 
crepancies with the exiJeriment (Zakrzewski and Piekara 1939). It should 
be added here that this theory, considering the molecular interaction as 
owing to the continuous medium, cannot, however, account for the exis¬ 
tence of the inverse saturation effect. 

Lastly it may be mentioned that the coupling of the second kind has 
proved to be also responsible for the magnitude of the magnetic birefrin 

t For this second extreme case the author has already previously ooloulated Rg , 
taking into account only approximately (cf. A. Piekara 19376 , formula (4)). 
Notwithstanding this simplification, the course of Rg in dependence from os 
shown by formula (4) in the mentioned note, differs but very little from the course 
of as shown by formula (46). 
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gence in polar liquids and for its variation with temperature (Piekara 
1939 ), These effects cannot be explained either by the coupling of the first 
kind or by Onsager's theory. 

The author wishes to express his thanks to Professor R, H. Fowler for his 
valuable suggestion concerning this work and for his kind interest in ^t. 


Mathematical appendix 

I. Calculation of some averages of the form of M®(cos^‘ 6 ') 
According to formula (7) we have without external field 


M®(c08” O') 


r cos" O' 27t sin 0 ' dO' 

in/9M = •?-? --- - . 

J c^’co®^'27rsin0'(i0' 


(a) 


Or, putting oosO' - x, we calculate 


M«(co8 "0') - .. . ....-.. 

J e^^dx 


dx 




For w = 1 we obtain 


MO(oos0') = ~Y^^r-y = 00 th = L(Y), 


i.e. the well-known Langovin function L. Denoting, for brevity, 


MO( 008 ’* 6 »') = iy„, (b) 

we find Lq = 1 , 

Li = L, 

Lj* l~2p, 

i (c) 

L,^L-2~i + 6^,, 

2/4=1-4 Y + 24 ~, etc. 
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II, Calculation of some averages of the form of M®(oos" d) 
For = 008 ^ 6^ formula (7) becomes 


M®(co 8 ^’' 0 ) 


jo j o _ ___ 

r [^\rooB&^^ind^di^dO^ 

jo jo 


Since cos 6 = cos 0' cos Q + sin O' sin Gf cos <f> 

and taking into account that 

rSff ^2n 

<f) dip = 0, Gos^pdip — 7T, GOB^pdp = |7r, etc,, 
jo jo jo 

we can write, using (a) and ( 6 ), 

M<>(c 08 » 0) = COB" Q + 1 ^ (L„ 2 - L„) cos"-* Q sin* Q + 


3n(n-l)(n-2) (w-3) 


(Z ,„_4 - 2 L „_3 + LJ cos"-* sin* i> +.... (c) 


Thus, using (c), we obtain for w - 1,2,3 and 4 
M®(cos6?) = iycos£?, 

M«(oos* 0) = ^ 1 - 3 ^ j cos* Q + ^,, 

M®(c 08*^^) = —5 y+15“jcOS*f? + 3y ^1 — Syjcosi?, 

M'>(eos* ^ 1 - 10 + 35 ~ - 106 j cos* iJ + 




4- i5.^ir-|COS2i3 + 3 




III. The manner of ccUcvlation of averages M®(cos" 6 ) and M(co8" 6 ) 
Denoting (see 6g. 1) the angle AOA 2 by we can write 

cos Q = COB i/r cos £?, 4 - sin sin cos 
On the other hand 

./, _ WJ + ITioosri _ yj+yicosri 


Hisinri yjsinri 


and 





Thus 008 Q becomes 


cos = y [(yj + cos J) cos sin ^ sin cos . (g) 


To calculate M«(cos'(9), M0(co8at>), etc., we assumef that for one-sixth of 
imirs of molecules, /I = 0; for one-sixth, A = 180°; and for two-thirds, 
A = 90°. In these three cases we have, according to (6) and (g). 


(1) /I = 0 (fraction i): F = + cosi? = 

(2) A = 180° (fraction ^): F = cos 13 = oosfiji 

(3) A = 90° (fraction f): F = ^{y\ + y\). 




(h) 


cos Q = 


1 

M+yl) 


(y^ cos + i/i sin cos ^). 


In this last case all directions perpendicular to 0^42 are equally possible, so 
that the mean value of cos Q, which we denote by cos 13' (the dash serves 
for distinction from the geometrical average over the sphere), may be 

obtained by calculating the integral f cos QdE. In similar manner we 

Jo 

obtain the mean values of higher powers of cos 13. It follows that 


cos 13 = 


_ J/* 
(y\+yl)^ 


cos 13. 


2 > 


COS* 13' 


1 




g (y| COS* + Jyf sin* 13,), 


^ (») 


cos* if = (ya + y|)i ^a +12/! cos 13, sin* 13*), 

C08*i3' » ^--j-|^j(j/2C08*I32-f 3y|yfco8*I328in*I3g-f-|y}8in*I32). 

Applying the rule expressed by (A) to (/) and taking into account (i), we can 
calculate M*(oo8"0). We obtain, for example, 


^0(0080) - [’J^{yi+!/*)-gi'(yi-i^8)-h|^y|^X/{V(yi+y|)}]oo8l3s, 

0 ) 






Perutz and Seligman 


Proc. Roy. Soe., A, vol. 172, Plate 16 




(Facing p. 


Fk:. 1 Fig. 






Pervfz and SelignHin 


Proc. Roy, *SV;r., A, voL 172, Plate 17 



Ficj. 5 Fuj. (i 



Fkj. 7 






A 


m 


cos*/ 2 , + + 

6lL yi+y* J ffi+fft I 

1 (fi - 3 fifc*n o«*fl,+ . 
6lL Vi-Vi J yi~y» I 


+ 


+ 


2 (r, „ 

slL*-’ 


-^Wfai+ypn (i^-iyj[)co8*i^ t 4-^yf lr{V(y!+yi)} l 

\/{yf+yi) J yf+yi V(y!+y*) / 

(j') 


and 80 forth. Putting these expressions in formula (9) with 0 = cos”^, we 
calculate the averages of the form of M(co8” ^). In this manner, for n » 1 
and without higher powers of x than the first, the expression (12) for 
M{cos0) is deduced. 


•.- -* 

IV. Derivation of perturbed averages M(co 8 '* 6 ) in zero 
and in first approxirruUion 

Neglecting higher powers of x than 1 , we can write, according to (9), 

M(cos" i?) = M®fcos” 6 ) -f X [M®(oo 8 "^^?)) — M®{co 8 ^^ 6 ) M®(cos^)], (A?) 

where the bar denotes the operation expressed by (h) and (i). Thus 
M(cos” 6 ^) depends only on C 08 '"£? 2 * Since the spacial distribution of axes 
OM and A^O is identical, we put instead of M(co8^0) and cos’^iSg the 
averages, which we denote respectively by M(co 8 "^j and M(cos”*i 22 ) 
and which we call “perturbed statistical averages”. The equal powers of 
these averages, when even, are identical by pairs, and, when odd, are of 
opposite signs, as shown by conditions (28) and (29). Writing 

M((w^^j* ~ MO(co8^^i9)**f a:[M®(oos”^^i0j “M®(c‘08” ^) M®(oo8<9) ], (Z) 

we denote that the above described new operation is to be performed upon 
all terms of this expression. 

At first we see that the zero approximation for n = 2 is 

M(cos* 6 ^) = M®(co 8 *®^) . 

Using (j') and condition (28), we find 

M(cos®^)* == M(co8*i22)* - J, (m) 

i.e. the value identical with the simple geometrical average cos* 6 ^. 
Evidently, it was to be expected, because in the absence of an external field 
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all directions of the dipole axes are equally possible. Therefore we can also 
write 

M(co^^j “ M®(cos^^) ~ co8*0 = M(co8^iJ|) =*= J. (n) 

Using (m) and the condition (29) or (13), and performing the operation 
denoted by the asterisk upon the expression (12), we obtain the first 
approximation of M(cos^) in the form 

M(co8 0j M(cos£?g) = (o) 

where i?, the reducing factor of electric polarization, is given by formula (16). 
In a similar way we calculate M(cos^i^) . According to (1) we have 

M(cos*0) ~ M*“(co 8^0) +ai[M”(cos*^) — M®(co8^0)M^(coB0j ]. 

Performing successively the operations denoted by bars and by asterisks 
upon three terms of the right side of the above expression and using (rw), 
(n), (o) and (29), we find 

M(oos^ 0 )* M^cos’^£?2) “ ip) 

with the same J? as given by (16), 

V. Dedmiion of the formula for the reducing factor 
for the molecular Kerr constant 

For this purpose it is necessary to calculate M(cos^0) in the second 
approximation, i.e. by neglecting higher powers of x than 2. According to 
(9) and to the rule of averaging with perturbation, we have 

M(co8^0j* = M®(cos*6^) -f a; [M®(cos* 6?j — M®(coB*0)M®(co8i?) ] + 

+ 2 M^(co8 ^ 6) {M®(co8 0)p ]. (r) 

Anticipating the form of this expression, we may accept a form, containing 
only the even powers of x (like the usual statistical average: 

M(cos®^) « i + ifsa;* 

since the change of sign before x (i.e. the change of direction of the external 
field) cannot yield any change in the mean value of cos* <9. Thus we can 
write 

(^) 


M(co8*0j* = M(cos*Sgj « ..., 
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where is to be calculated. For this purpose we must calculate all terms 
on the right hand of (r): the first—with an accuracy including x®, the 
second and the third—with an accuracy including and the rest—by 
omitting even x^. Thus, putting in (/), we find 


M»[cds**6^j* 








yj 

yi+yl 


[ ^y\±yA _ 1 

2 Vi + Vi 2 Vi-Vi 


o^{V(yi+yi)} yg-iyr ] 

v%!+”y|) y!+yiJ‘ 


In such a way, using expressions (/), (h), (i) and approximations (w), (/i). 
(o), (p), sufficiently accurate in this case, we obtain the other terms of (r). 
By equating the left side of (r) with (s), we calculate Rj^ and so we find the 
formula (33). 

Calculating expressions as (t) and others, we put in (/) or in similar 
expressions M(coB’' i32) instead of cos" fig. In the cases (1) and (2) (i.e. when 
/I = 0, or 180°, see (h)) we may write, since cosl?^ is identical with cosf?, 


M(C08"JQ) ~ M(C08"i22) , 

or M(co8f?) -~^xjR, (w) 

M(cod*^r - 

M(co8®ii?) =—j^x-K, i 

M(co8^£?) = J 

In the case (3) (A 00°), on the other hand, these equalities do not hold. 
There appear, instead of them, the formulae resulting from {?*) and (w), (o), 
(p), («), It is convenient, in such calculations, to express these averages in 
a final form. Thus, in the case A = 90°, we have ^ 

Mints')', 

M(oo8*i2") = > 

25 2 
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VI. Deduction of the formvJa for redwiiig fctctor Rjs 

electric saturation effect 

According to the formula (39), we write a similar expression for M(oos 6) • 
The calculation of the right-hand terms, which have a general form of 
M®(cos”^)M®(cos^** i9j , is rather long, but does not offer any special dif¬ 
ficulties. Using the expressions (/) and applying the rule expressed by (/i), 
together with the first expression of (i), and together with {u') and (v'), we 
calculate M(co8 6^j with an accuracy including a?®. Thus we find 


M(cos 6) 


1 


= Uvi + 2 / 2 ) - ^ Mvi - 2 / 2 ) + 5 J M(co 8 £?*) + 

+ ^x[l-\L\y, + y,) ~ lL\y^ - y,) - |LV(yf + ^l)}] + 

i + J/i Vx + Vi 


1 , 
+ X? 

45 


i?* 


yx-y^ 




y\- 


y\ 


^ y\-\ y 


* !.*{ V(y!f+yi)}J + i(yi+y*) Q(yi + y,) ■ 


- ^ Uyi - 2/2) Q(yx - 2/2)+^W( 2 /i+yi)} Q{‘^(y\ +yl)}] “ 

- i^*(2/i+ 2 / 2 ) - P*(22i- 222) - l-R^WCyf +22*)}} , (**’) 


where Q and R* are given by formulae (43c) and (42). Putting 

M(cO 8 0) =-«M(COsf}2) > 

we obtain the expression (40) with R^, given by formula (41). 


VII, Evaluation of some hyperbolic function of one variable 

4' 

The reducing factors R, Rj^ and Rg^ obtained in this theory, are generally 
dependent upon two variables: and Since in the formulae determining 
these factors appear some characteristic functions of one variable y 
{y = 2 / 1 + or y == yi“ya, or y == x/(y! + yi)), it is convenient to evaluate 
these functions for a number of values of the parameter y. This has been 
jierformed for the functions of I,iangevin (L), Fowler (Q) and Debye {R^ 
and ^). The corresponding values are ooDected in the table. They serve 
for drawing the graphs, from which the values for other y’s may be inter¬ 
polated and used to calculate any required values. 
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Table. Some NtrMEEiCAL values of hyperbolic 
FUNCTIONS L, Q , R * and ^ 


y 

L{y) 

Q(y) 



0 

0 

0*3333 

1 

0*3333 

01 

00333 

0*3326 

0*996 

0*3326 

0*2 

0*0666 

0331 

0*982 

0*3304 

0-3 

0*0994 

0*328 

0*961 

0*3268 

0*5 

0*1639 

0*318 

0*902 

0*3154 

08 

0*2560 

0*295 

0*759 

0*2909 

1*0 

0*3130 

0*276 

0*666 

0*2708 

1-3 

0*3913 

0*246 

0*4989 

0*2380 

1*5 

0*4381 

0*224 

0*4041 

0*2161 

2-0 

0*6373 

0*174 

0*2230 

0*1656 

2-6 

0*6136 

0*1327 

0*1150 

01253 

3*0 

0*6716 

0*1012 

0-0576 

0*0955 

40 

0*7507 

0*0610 

0*0168 

0*0581 

50 

0*8001 

0*0398 

0*0054 

0*03833 

60 

0*8333 

0*0277 

0*0023 

0*02702 

8-0 

0*8760 

0*0166 

0*00073 

0*01539 

10*0 

0*9000 

0*0100 

0*00030 

0*00990 

120 

0*9167 

0*00694 

0*00014 

0*00088 
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Classical theory of mesons 

By H. J. Bhabha 

Oonville and Cains College, Cambridge 

{Communicated by P. A, M. Dirac, F.R,8,—Received 11 April 1930—^ 
Revised 29 June 1939) 

The quantum theory of the meson (Kemmer 1938 ; Frohlich, Heitler and 
Kemmer 1938 ; Bhabha 1938 ; Yukawa, Sakata andTaketani 1938 ; Stueokel- 
berg 1938 ), in spite of its great similarity to the quantum theory of radiation, 
differs from it in certain important respects. The total Hamiltonian for the 
system of protons or neutrons and mesons contains terms in the interaction 
energy of mesons with the heavy particles which increase with increasing 
energy of the mesons. This has brought physicists to the prevalent view that 
for high energies this theory leads to large probabilities for multiple processes, 
and to explosions of the type first investigated by Heisenberg ( 1936 ). 
Indeed, the possibility of such processes has recently caused Heisenberg 
( 1938 ) to take the position that they set a limit to the applicability of quantum 
mechanics. Connected with the same behaviour of the interaction is the fact 
that many effects, such for example as the perturbation of the self-energy 
of a.proton calculated to the second order in the interaction, diverge more 
acutely than in ordinary radiation theory, and this has led Heitler ( 1938 ) 
and others to doubt the correctness of the fundamental equations even 
for mesons of energy comparable with their rest mass. 

All the above views are in essence based on the results of second-order 
perturbation calculations. There is, however, another approach to the 
problem. Using the commutation rules for the observables and the well- 
known equations of motion of quantum mechanics, we can derive exactly 
from the same Hamiltonian on the one hand the Dirac equation for the 
proton or neutron under the influence of a given meson field, and on the 
other hand the equations of the meson field influenced by the presence of 
neutrons. (For brevity we shall henceforth only speak of neutrons, whereas 
our remarks will apply equally well to protons, since the two are on the 
same footing as far as this theory is concerned.) Treating the Hamiltonian 
‘‘classically”, that is, treating all the observables occurring in it as com¬ 
muting variables, we can as usual again derive the same two sets of equa¬ 
tions. In this paper, as a first step in the problem, we shall deal with classical 
equations, since it is possible either to solve them exactly, or at least to give 
approximate solutions the eirors of which can be strictly estimated. 

[ 384 ] 
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Now meson theory differs from ordinary radiation theory in three 
particulars. First, the mesons have a finite rest mass fi. Secondly, they 
have a direct interaction with the spin of the neutron characterized by the 
constant besides the constant which corresponds to the charge in 
electromagnetic theory. Thirdly, the meson field itself may carry electro¬ 
magnetic charge. It should be noticed at once that g^ is of the dimensions 
of a length times charge, so that the meson theory introduces two indepemdent 
lengths which may be defined by = h/p and gJOii ^-nd although with the 
experimental values of the constants these are of the same order of magni¬ 
tude, theoretically the two must not be confused as there is no connexion 
between them yet. As has already been mentioned the quantized meson 
theory seems to lead to results different in many essentials from those of 
radiation theory, and in order to determine to what extent this is due to 
each of the three differences mentioned above, we shall deal as a first step 
with a theory which differs from radiation theory in only one particular. 
In this paper we shall investigate the classical behaviour of an uncharged 
meson field with a characteristic length x connected with the rest mass /i, 
while the constant g^ will be put equal to zero. In the course of the paper the 
result will be established that the finite rest mass of the meson introduces no 
essential difference in the behaviour of mesons at high energies and hence that 
the fundamental length required by Heisenberg cannot be identified with x> 
The type of explosions investigated by Heisenbergy if they exists cannot therefore 
be connected with the rest mass of the meson but would be due either to the 
interaction constants g^ or to the fact that the meson field carries electric charge. 

We shall assume that the equations for the meson field influenced by 
the presence of neutrons are exact. On the other hand, we should not 
expect the Dirac equation describing the motion of the neutron under 
the influence of the meson field to be exact, since this neglects what is 
the equivalent of radiation damping on the neutron. We shall therefore 
derive new classical equations for a point neutron from the consideration 
that energy and momentum must be conserved. In this way we shall 
arrive at a self-consistent mathematical scheme which is entirely fi*ee from 
any difficulties about infinite self-energies. This scheme is a generalization 
of the scheme already obtained by Dirac ( 1938 ) for the classical behaviour of 
electrons and radiation, and goes over continuously into it as the mass of 
the meson tends to zero. 

By using these equations we shall calculate the scattering of mesons by 
neutroim and obtain a formula which is a generalization of the Thomson 
formula aa modified by Dirac. It will appear that as far as the classical theory 
is concerned, we can at any stage in the calculations put x ^ 0 and make a 
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transition to electromagnetic theory without getting any infinities or in* 
consistencies. For mesons the classical theory is also of practical interest. 
The treatment of a field classically instead of quantum-meohanioally is equi* 
valent to a neglect of the momentum properties of the individual light 
quanta. We may therefore expect the classical theory to give correct results 
for all processes where the momenta of individual mesons is small compared 
with the rest mass of neutrons. This covers the whole field of nuclear 
phenomena and an important part of cosmic-ray phenomena. The classical 
theory will give correct results for mesons of a few hundred million volts, 
and will even give the correct order of magnitude for mesons of 10® eV. 


The meson field of neutrons 


We shall use tensor notation throughout, and for the purpose of raising 
and lowering suffixes use the fundamental tensor defined by =» 1, 
^11 ” 1 all the other components vanistiing. The velocity 

of light will be put equal to unity. We shall further use the notation of 
writing u for + where is any vector. We assume that the meson 

field is described by potentials and field strengths which satisfy the 
equations 

~ ~ ^ * I 

' rn 


^here x “ being the rest mass of the meson. In classical theory 

neither nor h will appear explicitly, but only through the constant % 
which is now a fundamental constant belonging to the field. The limit /t “ 0 
eorresponds to the limit x == a-nd in this case the equations (1) become the 
Maxwell equations. Since we are dealing with neutral mesons, we may take 
all the quantities in (1) to be real. is a four vector describing the effect of 
the neutron “charge^* on the field, and 8^^ is an antisymmetrical tensor 
describing the effect of the neutron dipole moment. From the second of 
equations (1) it follows that 




( 2 ) 


A proton remains a proton and a neutron a neutron when a neutral meson is 
absorbed or emitted. We may further assume for the purpose of this paper 
that the emission of no charged mesons takes place. The right-hand side of 
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(2) then vaniehee, and hence also the left-hand side. It then follows from the 
equations (1) that 

r n 

It is shown in the appendix that the solution of (3) can be given with the 
help of a Green’s function in the form 


U^{^p) ^ JJJJ ^/)) 

where a:' stands for the four variables Xq, x^, Xj, Xg. The Green’s function for 
this problem is 


0(Xp,z'^) = 


\ 


or 


G{x.,x') = 


u 

0 

0 

0 

0 




Wo>Wr 
I Wo I <U, 

Wo< -w, 
Wo>W, 

I Wo I <Ur 

Ua< —U, 


(6o) 


( 66 ) 


where we have written x', and — 2 ( — «*«*)*• Here is the 

Bessel function of order 1. We shall frequently have to make use of the 
following properties of Bessel’s functions: 




(6a) 


#-►0 0 


1 

2 **n!’ 


( 66 ) 


We notice that the Green’s function only has a singularity in the form of a 
(^-function, the second port dependent on x only contributing a plain 
discontinuity on the light cone. This part tends to zero as This is the 
basis of all the results which will follow below, and shows at once that the 
worst singularities in the meson field are identical with those of the electro¬ 
magnetic field, the additional singularities being of lesser order. 

In the classical theory we must treat the neutron as a point with a dipole 
attached to it moving along a classical world line which we assume to be 
given. We denote its co-ordinates by which are functions of r, the proper 
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time along the world line from some arbitrary point on it. Consistently with 
the quantum-mechanical expression for R^, as a charge-current density, we 
now assume 

^00 

“ 9^1 J ^||(’^) ^(^0 *” ^ o ) “* ^ l ) ^(^2 "" ^ 2 ) *^(^3 “ (^) 

where is the velocity 2 ^. We shall denote a differentiation with respect to 
the proper time by a dot. is a constant playing the part of a charge. 
Similarly we may write for 8^,^ 

*V *= S'* f ^(*0 - 2o) <^(2:1 - Zl) - Zg) - Zs). (8) 


the 8'^^, being a function of r satisfying the relation 8'^ = constant along the 
world line. g 2 is another constant. The 8^^, term can be treated exactly like 
the R^, term, but on account of the very much greater complication which it 
introduces, we shall omit it from this paper in order not to confuse the issue. 
Since g 2 does not occur any further, we shall simply write g instead of 
Introducing (7) into (4) and using (6a) 


^f ’ (9) 

K J -00 o 

where 2 ^( 7 ), 

K = 

and To is the proper time of the ^‘retarded” point, i.e, the point on the world 
line such that == 0 and 5o>0. We at once make the convention that 
whenever any quantity dependent on r does not occur inside an integral 
with respect to r then it is to be taken at the retarded point t =: Tq. Thus the 
first term on the right-hand side of (9) is Vyir^) [{x^ — z^{tq)} v^(to)]“”^. This is 
the expression corresponding to the retarded potentials. There is a similar 
solution given by (66), which gives one the advanced potentials. In this paper 
we shall only consider retarded potentials since the theory is quite sym-^.^ 
metrical in retarded and advanced potentials. 

From the first of equations (1) it then follows, using the rules that are 
given in the appendix for differentiating with respect to x^, that 



where 
with x' 


and 


= 0%,+ Of,, 

(11) 

K* 1 

(12) 


(13) 
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The first term of is singular on the world line, since its value at any 
point on it is not unique, but depends on the direction from which the point 
is approached. Both and the part dependent on x W 

however, quite finite at all points of space including the world line of the 
neutron, and tend continuously to zero as The only infinities in the 
retarded field are therefore contained in which is just the Maxwell field 
for a moving-point charge. The expressions (5a, b) and ( 11 ) show explicitly 
that the singularities in the meson field are no more acute than in ordinary 
Maxwell theory, and further, that the limit to the case — 0 can be made 
continuously. 

The energy-momentum tensor corresponding to the equations ( 1 ) in 
a region not occupied by a neutron is (see for example Proca 1936 ) 

+ + (14) 


In the absence of neutrons, the solution of ( 1 ) can be written in the form of 
plane waves 

= a^cos(w„af), (15) 

where the direction of polarization and the direction of propagation 
satisfy the relations which follow from ( 2 ) and (3) 


a^a)f^ = 0 , 




o,j 


(16) 


The energy momentum tensor for this solution, using (14), is, on the 
average, 

(17) 


We notice that since cc^ is perf)endicular to the time-like vector (o^, a* is 
negative. 


The classical equations of motion of a neutron 

We have now to find the classical equations of motion of a neutron to take 
the place of the Dirac equation of the quantized theory, and we further wish 
to take account not only of the effect of an external meson field on the 
neutron, but also of the reaction of the neutron’s own radiated meson field. 
The easiest way to do this is, following Dirac, to consider the world line of 
the neutron as given and to enclose it by a narrow tube, the radius of which 
will in the end be made to tend to zero. We now derive the equations of 
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motion from the condition that the flow of energy and momentum out of a 
portion of the tube in the presence of an external field as calculated by using 
( 14 ) shall only depend on the conditions at the two ends of the tube, that is, 
that it shall be a perfect differential. We shall thus have conservation of 
energy and momentum, and the reaction of the radiated meson field will be 
included in the equations. 

It can be shown easily that ouj results will not depend on the actual shape 
of the world tube. It is convenient to take the world tube defined by 

= ( 18 ) 

where e is some constant which in the end will be made to tend to zero, 
in accordance with (10), is the distance from a point on the world tube to 
the retarded point 2^(7^), so that = 0. If we fix our attention on any point 
on the world line in the Lorentz frame in which the electron is instantaneously 
at rest, then a sphere about this point of radius e taken at a time e later is a 
section of this world tube. 

It is shown in the appendix that the flow of energy and momentum out of 
that portion of the world tube with ends defined by the proi>er times t, and 
Tj is 

where terms which vanish with e are omitted. OJJJ is the incoming external 
field, defined, following Dirac, as the actual field at the point minus the 

retarded field G*™* given by (11), 

(?{." = ( 20 ) 

< 5 *,, is the second term in ( 13 ) of 

( 21 ) 

J — 00 3 * 

The first term of Ojjy in ( 13 ) is not single valued on the world line. Its value 
averaged over all directions of approach to a point on the world line is, 
however, zero. We may alternatively look on as the value of 0 ^^ at any 
point averaged over a small region of space surrounding that point. will 
then be identical with everywhere except on the world line, where it 
will reduce to (21). In expression (20), the values of and are taken 
for any value of r at the point on the world line corresponding to it. 

In accordance with what we have said at the beginning of this section, the 
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integrand of (10) must be a perfect differential, since it must only depend on 
conditions at the two ends of the tube. We must then have 




( 22 ) 


where is some tensor. Multiplying (22) by v^^ we see that must satisfy 

B^vf^ ^ ( 23 ) 

Here we have made use of two of the relations 

= 1,1 

== 0,1 ( 24 ) 

v^i}^ -f V* = 0.1 

Therefore B^ must be of the form 

where B'^vf^ = 0. The simplest assumption for is to put it equal to a 
constant times Writing the constant in the form (1 / 2 e - If), we finally get 
for the equations of motion 

Mv, - - lg\v^ + g{0i, + (?}“) t;" = 0. ( 26 ) 

Dividing by and introducing (21), we may write them in the form 




SnV„(r')-s„v At') 


( 26 ) 


where we have wTitten a for 3Jf/2(7^. Explicitly, = z^(t) — z^{r'). These are 
the fundamental equations of motion of a neutron in a meson field. They 
have a very similar form to the equations recently given by Dirac (1938) 
for the cleussical motion of an electron in an electromagnetic field. The only 
difference is the appearance of the term It shows that the motion of the 
neutron at a time r is influenced in principle by the whole previous history of 
the neutron. In practice, however, the integral ( 21 ) converges fairly rapidly, 
and only the behaviour at times not very much earlier than Ijx will be of 
importance. This is what we should expect, since meson waves are propa¬ 
gated with all velocities less than that of light so that a neutron may be 
influenced at a time t by a disturbance it has emitted at an earlier instant, 
We notice again that the equations go over quite continuously as 0 into 
the equation given by Dirac. We shall return to this point later. 
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The equations ( 26 ) with no ingoing field, that is with the right-hand side 
equal to zero, have solutions of two t3rpes, as in the case of the equations 
found by Dirac. We can see at once that constant is a solution, for the 
integral vanishes from antisymmetry since in this case is proportional to 
and the other three terms also vanish. The second type consists of solutions 
in which the neutron by itself works up an acceleration at an ever-increasing 
rate. We shall not consider these in detail. The corresponding solutions when 
X — 0 have been given by Dirac. It is enough to say that following Dirac 
we must postulate here also that only those solutions occur in nature for 
which the velocity does not tend to infinity as time progresses. Boundary 
conditions restricting the allowed solutions to those which do not tend to 
infinity at large distances are common in physics. We have here for the first 
time a boundary condition in the time co-ordinate, restricting the allowed 
solutions to those where the velocity does not become infinite in the infinitely 
distant future. 


Energy of the field associated with a neutron 


Pryce (1938) has shown that it is possible to alter the definition of the 
electromagnetic energy-momentum tensor when a charge is present, so that 
the total energy associated with a point charge is finite. It is possible to do 
the same for the meson field. Since we have already shown that the singulari¬ 
ties in the meson field are identical with those of the electromagnetic field, 
the additional terms being finite, it follows that we can at once take over the 
tensor which has to be subtracted from ( 14 ). The new definition of the energy- 
momentum tensor for the meson-field energy is then 


T' —/c 

* ft*' M*' 0 ^ 


where the tensor is the one given in the paper of Pryce. 

We now wish to calculate the meson-field energy associated with a 
neutron at rest. Instead of starting from T’',, it is more convenient to do it by 
a different way. For a neutron at rest at the origin 



In this cfiise, using ( 14 ) and (1), 
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We surround the neutron by a small sphere of radius e. The meson-field 
energy outside this sphere given by ( 14 ) is 

The last two terms cancel each other in free space by ( 3 ), and the first term 
can be transformed to an integral over the surface of the sphere 


If = 0 this is just the electromagnetic energy of a point charge. The 
subtracting of the tensor has just the ejffect of cancelling this term, since 
Pryce has shown that the electromagnetic energy of a point charge is zero 
with a new definition of the tyj)e ( 27 ). Hence the meson-field energy of a 
point neutron consistent with the equations ( 26 ) as defined by the tensor ( 27 ) 
is just The mass of the neutron which plays a part in nuclear 

phenomena is not the real mass ikf but an effective mass M* connected with 
M by 

( 28 ) 


We shall come across this j)oint again later. For the scattering of mesons, 
however, and for all processes where frequencies comparable with x 
involved, it is the real mass M that matters. Using the actual values of 
M, g and x^ we find that M* differs from M by about ten million volts, or 
roughly 1 %. 


Scattering of mesons by neutrons 


We now consider the solutions of ( 26 ) where the external force on the 
neutron has the nature of a harmonic oscillation along the x-axis. In other 
words, we put 

yoo&(i)QtA 

( 20 ) 

!ln _ 0 I 

so “ u , j 


nin , 
^Jln , 




where we have written t instead of Zq to conform to the more usual notation. 
We shall solve these equations for the case where y is small, so that the 
velocity of the neutron is always small. We choose our co-ordinates so that 
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the neutron executes oscillations about the origin along the a;-axiB. We write 
the solution in the form 

= ^sin{a>o<-f cJ); 22 = ^18 — 0 , ( 30 ) 

(Oq 

where is a phase and an amplitude, which have to be determined. We 
shall assume that 1 , so that higher powers of can be neglected. We 
have 

-^=yffc 08 (a>ofc+«), 


and hence to the first order 



The right-hand side of ( 26 ) has then only one term, namely, 


( 31 ) 


-|^7CO8fc>0<. ( 32 ) 

To this approximation we may replace dr by di. Hence, in the integral in 
( 26 ), 

«o * M’’)-*o(t') Hl-t', 


O 

« 2i(t)-8i(t') = — {8in(wgt + d)-8in(w„i' + (l)}, 

Wo 

and » — 7(«2 

The integral on the left-hand 8ide of ( 26 ) then becomes 

f da r^ sin (Wo< <J) - — sin -I- ^) — «/?cos (<yo<' -1- ^)1 

Jo « LWq Wo J 

~ ^ sin (Wo < + < 5 ) - ^ ^ [c«V+») B - conj. complex] 

- ^ [e«"(.<+*' C+ conj. complex]. 
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Here 



\yf^ 

■h 



i.J 


-iva -3- 

j^[(l-K2)i + f^_|i^] 

0<v=(Oolx<h 

lo »• 


(|[ —1)* +tV®— ?*V] 

v>l. 

c = | 

r***'-*.- 

-ips 22: 



J 

0 ^ 



v>l. 


with p standing for (oJx- The term containing the integral on the left-hand 
side of (26) can then be written 

P sin (o)Qt + Q cos {(OqI + d), (33) 


with 


j- 1 lV(l-»'") 

A 

A 

2p^ 2 V 


1 

l2> 

y>l, 

[1 

0<>'< 1, 

!)_>*-!) 

V 2 r® p 

P> 1. 


Introducing (29), (30) and (33) into (26), we got 

— /SaojQ sin ((Jq^ -f S) -f cos {(o^t 4- 5) — /?ct>§ P sin (a>o^ + 

3 y 

— Q cos ( + ^) “ ~ 9 g ^ 0 ^- 

Trom this we obtain at once 


(34) 




2 ^w„[(a + Q>o P)^ + <oUQ-l )*]* ’ 


(36) 


008(5 i 


Wo(Q-l) 


(36) 


[(a + Wo + -!)*]** 

Now it is shown in the appendix that the field at a very distant point with 


a6 


VoL 172. A. 
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the co-ordinates X, Y, Z, T produced by a neutron executing the motion 
(30) is given by 



— s I'<1, 
X 


»'>1, 

~ w|) Bin (WoT + S) 

JX* OJq 


eoB {w„r - It V(wg - x^) + «} 

V>1. 

> 


(37) 


These naturally satisfy ( 2 ) and (3) for empty space. 

When p<\,\.eAf(i)Q<x-> the field falls off exponentially at large distances, 
and no energy is radiated by the neutron. It is interesting to note that in this 
case the whole field moves in phase with the neutron. Wo should therefore 
expect an extra mass due to the meson field to be added to the real mass M. 
This is in fact so. By (34) O-. 1 =«: 0 


so that the amplittide of the oscillations in (35) is determined by (a + cdqP). 
For the case of very slow oscillations, 0 )q<^X9 using (34) that the 

eflFeotive mass is 


+ (a^)HM-lg*X', 


(30) 


this agrees with what we found in the previous section. 

The work done by the external force on the neutron in a cycle is by (29) 
and (31) ^ 

-- U «os d. 


This vanishes by (36) and (38) when (OqKX, consistently with the result 
already mentioned, that no radiation takes plat^e. It is thus possible even 
in the classical meson theory for a neutron to vibrate with frequency less 
than X without radiating any energy. This is in contrast with the usual 
radiation theory. 

We now consider the more interesting case (Oq > x* The field given by (37) 
for V > 1 has the character of a jilane wave at large distances. It can at once 
be split into transverse and longitudinal waves, the amphtudes of the two 
parts being given by 




,ionK ^ a"'"* = - 




Wo 


i?* ’ 




along : 


0 . 


(40) 
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Using the expression (17) for the energy-momentum tensor of a plane wave 
we find that the energy crossing unit area per unit time in the direction R 
is for transverse waves 


StT 


{41a) 


1 (7^X2 v2 

and for longitudinal waves (416) 

oTT K* (t)^ 

Thus, calling 6 the angle between the direction R in which the meson radia¬ 
tion is observed and the or-axis, i.e. the direction of oscillation of the neutron, 
we find that the energy of the transverse waves has a distribution propor¬ 
tional to sin2 0^ while that of the longitudinal waves is cos®^^, as we should 
expect. The total energy radiated in transverse waves is proportional to 
and in longitudinal waves 'l^hus, for low frequencies 

twice the energy is radiated in transverse as in longitudinal waves, whereas 
for higher frequencies, progressively less is radiated in longitudinal waves. 

To find the scattering of meson waves by neutrons we have only to supjiose 
tliat the external field (29) is due to a plane wave. If this wave is transverse, 
then it must travel perpendicular to the ir-axis, and honcse liave a potential 
in essence of the form 

f;„ = Ui = 63 = 0; t/i = -- 8in{wo<-.vV(Wo-A'*)}- 

(Of, 

By (17), tlie energy flow associated M'ith this is y^j^inof,. If the original 
plane wave is longitudinal, then it must travel along the x-axis and be 
described by the potential 

l]^ == ^yam{(Of,t-x^(o)l-x^)}, 

A. 


= ^^^ysm{(0f,t-x^((ol-x% 

A 

C4 - c/3 = 0. 

The energy flow associated with this is Dividing the total radiated 

energy + by the inflowing energy, and using (35) and (34), 

we finally obtain for the effective “cross-section” for the scattering of 
transverse meson waves 



1 




ir 

l(oi 


(42) 


26-2 
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and of longitudinal meson waves 






(43) 


If we let first just becomes 6 n(a^ + ^*>o) which is the generaliza¬ 

tion of the Thomson formula recently given by Dirac. On the other hand, 
the scattering cross-section of the longitudinal waves goes to zero as 
as we should expect. The relation of this theory to the quantum-mechanical 
cross-sections will be discussed below. 

The sufficient condition for the correctness of the above cross-sections is 
that the maximum velocity acquired by the neutron shall always be small 
compared with unity, i.e. that For longitudinal mesons the field 

varies in the direction of motion of the neutron, so that we have further to 
consider the approximation made in taking the field acting on the neutron 
as the field at the origin. This approximation will be a good one if the 
amplitude of the neutron is small compared with the wave-length 
in other words if 1 , 

The cross-section (42) in common with the corresponding cross-section 
given by Dirac has a very interesting property. For o)Q^as3M/2g^ it 
becomes proportional to since then a may be neglected. In other words, 
for extremely high frequencies the scattering ceases to depend either on the 
mass M or the change g of the neutron. It is clear that a behavioiu: of this 
sort cannot be approximated to by a series in ascending powers of g^. 

The above cross-sections neglect the effect of the spin of the neutron, 
which was put equal to zero at the beginning. Its effect will be treated later. 
The effect of the spin term is to alter the angular distribution of the emitted 
mesons, but not to change the relative order of magnitude of the transverse 
and longitudinal cross-sections. 

As we have already stated in the introduction, by treating a field classic¬ 
ally instead of by quantum mechanics we neglect the momentum properties 
of the individual field quanta. Classical formulae will therefore be correct for 
those processes whore the momenta of the field quanta concerned may be 
neglected. For the scattering that we have calculated above, this will be 
so if the momentum of a meson is small compared to M, the neutron mass. 
Hence the formulae (42) and (43) may be taken at once to describe the 
scattering of mesons by neutrons up to meson energies small compared 
to 10 ® eV. They will still give the correct order of magnitude for energies of 
10 ® eV. They may be taken to supersede completely the formulae previously 
given by Heitler ( 1938 ) and myself, from which they differ by an order of 
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magnitude. Our theory shows that the scattering of mesons is a small effect, 
the cross-section being of the order - ] 0“^*^ cm.®, though scattering 

may be through large angles when it takes place. 

The expressions (42) and (43) show another curious effect. Mesons of the 
same energies will have a very different scattering, dependent on their 
polarization. The scattering of longitudinally polarized mesons is less than 
that of transversely polarized ones by a factor When scattering does 
take place, however, the scattered mesons will bo transversely polarized 
in most cases, so that their chance of being scattered again will be much 
greater. 


Relation to the quantized meson field theory 

We now wish to compare the results we have obtained above with those 
derivable from the quantized theory of uncharged and charged mesons. In 
the notation of a previous paper (Bhabha 1938 ) the interaction energy of 
neutral mesons with a neutron can be writt/en in momentum space in the 
form 

+ ’■aexp [-|(p, A’')j + conj. complexj. (44) 

This only differs from the corresponding expression (58a) in the above 
paper for charged mesons in having the isotopic operator instead of 
and For brevity we have omitted the term. The interaction (44) 
contains the mass of the meson /i, and has terms which increase propor¬ 
tionally to the momentum or energy of the meson. According to the pre¬ 
valent view an interaction of this sort should lead for high energies to 
multiple processes and explosions of Heisenberg’s type. This is however not 
so. The scattering of neiUral mesons by neutrons calculated quantum- 
mechanically by Booth and Wilson* leads to a result which for meson 
energies small compared with the rest mass of the neutrm agrees with the 
above cross-sections (42) and (43), if we neglect there the effects of damping, 
that is all the terms in square brackets except a. For higher energies the 
cross-sections decrease with increasing energy. This clearly demonstrates 
that interaction terms which increase with increasing energy of the particles, 
as in (44), are not sufficient to produce Heisenberg explosions. It becomes 
clear from our classical calculations and the above quantum-mechanical 


• Dr Heitler has also calculated this result in the non-relativistic case. 
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result that the mass of the meson has nothing whatsoever to do with the 
fundamental length required by Heisenberg for the occurrence of explosions. 
It does not yet follow that no explosions involving neutral mesons will occur, 
for os we have pointed out in the introduction, the existence of the term 
introduces another length in the interaction independent of /^, and we have 
not yet shown that this will not lead to explosions. 

One can also see that the mass of the meson will not lead to the occurrence 
of Heisenberg explosions by the general argument given by me in a previous 
note ( 1939 ). For according to the prevalent view the critical energy hx fl'bove 
which multiple processes become important is smaller the smaller x* I^t^ Ihe 
limiting form of our theory x “ which constitutes electrodynamics, all 
energies are therefore above the critical energy (whitdi in this case is zero), 
and hence if this argument were correct, we would always expect explosions 
to occur. The well-known results of electrodynamics show tliat this argu¬ 
ment is wrong, and that in the actual meson theory for energies large 
compared with x should expect the theory to behave progressively 
more like electrodynamics. This ex})ectation is also confirmed by our treat¬ 
ment of the classical meson theory, which shows that for high frequencies 
io^^X processes approximate with increasing closeness to those on the 
classical Maxwell theory. 

It is not possible to use the same argument for a charged meson field, for 
a limit to the case fi 0 is not then ]) 088 ible. This is due to the physically 
evident reason that a field with /i = 0 must propagat>e itself with the velocity 
of light, and if such a field carried electric charge, the electromagnetic fields 
concerned would become infinite. In other words, a charge-bearing field 
cannot exist without having a fundamental length or a mass /i associated 
with it. 

This is also put into evidence by the scattering of charged mesons by 
neutrons calculat/cd in an earlier paper. In the non-relativistio case, with 

= 0 , this cross-section may be written for longitudinal mesons in the 
form 


const. 




(45) 


and is zero for transverse mesons, as has also been shown by Heitler ( 1938 )- 
(46) does not contain M but fi in the denominator. It is therefore much 
larger than (42) and (43), and goes to infinity as This behaviour is 

directly connected with the charge of the meson, for whereas on the present 
theory a positive meson may only be absorbed by a neutron and emitted 
by a proton, a neutral meson may be absorbed or emitted by either a neutron 
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or a proton. There are thus twice as many intermediate states leading to the 
scattering of neutral mesons as of charged mesons, and those largely com* 
pensate each other, reducing the cross-section (45) to magnitudes of the 
order of (42) and (43),* Since however the interaction of charged mesons 
with neutrons and protons has no corresx)ondence with any classical theory, 
I do not think it is yet jjossible to say to what extent this part of the theory 
is correct. The cross-section (45) is in any case too large to be reconciled with 
experiment. 

The fundamental equations (25) have only two constants of the dimen¬ 
sions of a reciprocal length in them. Using the value of g given by g^jhc = 
their magnitudes are 




3x 10^* cmr\ 


(46) 




We see that with the actual magnitudes of the constants as they occur in 
nature 


apx- 


Electromagnetic theory is the particular limit where A! = Hence we 
should not expect the meson theory to differ much from electromagnetic theory 
for frequencies WqPx- Characteristic differences will become marked only for 
frequencies ojq < x- This is all borne out by our x)revious calculations and is 
contrary to the prevalent view. The formulae (42) and (43) show that the 
effects of the reaction of the emitted meson field on the motion of neutrons 
becomes important when Wo> a. Its effect is small fur (OQ<^a, for its neglect 
is equivalent to the neglect of all the terms in the square brackets in (42) and 
(43) except a. The energies concerned are very largo, being 

Since the quantized theory of the neutral meson field neglects this reaction, 
we have good reason for believing that it will be correct to a good approxi¬ 
mation up to this energy, and only go wrong above it. 


Appendix 

To solve the equation (3) we fii-st solve the equation 
(sic dxs ^ ^ 

* X am indebted to Professor Pauli for drawing my attention to this point in a 
letter. 
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The solution of this can be written in the form of a quadruple inte^al with 
respect to four variables pg, pg, and for brevity we shall write all 

formulae as if these constituted the components of a four-vector: 

I rrrr* 

G(v<) = (“1 

The denominator in (48) has two*root 8 given by 

po = ±V(p®+>:“). 

3 

where p ^ We write — x' for brevity. In order that the solution 

shall not tend to infinity for small u, we choose the path of the integration 
to go from -*cx) to -f oo and pass in the complex plane below both the 
singularities ± or above both of them. The pj, P 2 and P 3 integra¬ 

tions go along the real axis from —00 to -hoo. In order to see that (48) is a 
solution, introduce it into the left-hand side of (47) and interchange the 
orders of integration and differentiation We get at once 

which proves the result. Q is the Green’s function of this equation. 

To evaluate 0, we first introduce polar co-ordinates for p* and carry out 
the angular integrations. 

~ l2n)^u,SuJjo ^ ^®pg-p*~-A:®' 

Now carrying out thep^ integration, we are left with the residues at the two 
poles ±^J{p^+x% 

„ i 0 r r*, . . “I 

® - w-saLJ. 

which, writing p = ^sinh?, becomes 

1 0 r* 

If I Ug I < II , we get sinh q instead of cosh q, and the integral vanishes. For 
«o > j«, ( the integral is just equal to Wt/gfx V(“?—^r))- 
If Up < 0 , the path of the pg integration in (48) can be deformed into «n 
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infinite semicircle below the real axis with centre at the origin, and hence O 
vanishes. We thus arrive at the result 




(48a) 


with 


F = 


«0>“r 
Ko l<«r 


(48fc) 


0 
0 

If we choose the path of the po integration in (48) to run above both the 
singularities + + ;\;®), we obtain the Green’s function (48o) with F given 

by 

0 \ Wo>'Mr 

0 I |Mol<«r ( 48 c) 

l'to\/(«0-«?))/ Mo<-Wr- 

The differentiation with respect to give the (S-functions at Uq = due to 
the discontinuities in F. Our final result can then be put in the form given 
in the text. 

In differentiating U^, with respect to the co-ordinates, we notice the follow¬ 
ing points. 

Hence, when occurs inside an integral, 


and 


- s- 

0 «(t) _ «•' 
dx„ 8 ’ 


(49) 


When it occurs outside an integral 


5‘ %(To) 

' dx„ 


PT„ 




Since 

Hence 

where 


“ 0 , 




^Ao) 

dx, 


-- = 0 . 


0X„ K ’ 


K m a^vi^. 


(60) 
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Similarly 


^^ATpI 


9t„ 


V., s— = - 




>‘dx. 


25 ( 3 ) 

dx, 


. 


(l^K% 


with k' 5 = s^vf^. 

In differentiating the integral in (9) it should be remembered that we get a 
contribution from the change in according to (49), the limits being kept 
fixed, and a contribution due to the change of the upper limit according 
to (50). 

We now calculate the flow of energy and momentum out of the world 
tube. This is given by ^ 

- 


where dS^ are the components of an element of the three-dimensional surface 
of the world tube. The world tube is determined by 

- 0 . 

K « a^v^ = 6. 

Hence, for variations dx^ on the surface, 

s/^dx^ ^ 8f*v^dT =« edrA ^^ 2 ) 

= {l — K'}dr. j 

Multiplying the first equation by ( 1 — a*') and the second by f. and subtracting 


(61) 


{5^(1 —/c') —= 0 . 

Hence, s^(l —/c') —is the normal to the world tube. Its absolute length 
is e^(l — 2/c'). The normalized normal is therefore 


'' eV(l-2ic') • 


(63) 


The surface of the world tube at any point can be determined by tliree 
vectors and Two, say and can be taken as pure space 

vectors lying in the surface of the two-dimensional sphere in the rest 
system, i.e. the system in which the retarded point is instantaneously at 
rest. The space components of are then along the normal to the sphere, 
i.e. proportional to 5 ^, The time component is determined by (62). In the 
rest system has the components (1, 0, 0, 0) and therefore Sq ^ e. Hence 






Classical theory of mesons * 406 

It is also normal to so that 

+ == 0 , 


i.e. 


e 


K'dr. 


The length of is 1 — 2ac') dr. Thus an element of volume corresponding to 
a displacement dr of the retarded point is 


dS = yj(\ —2K*)drd(Ty 


where da is an element of the surface of the sphere round the retarded j)oint. 
It finally follows that 


dS^ = N^'dS = — K') — v^^e}edrd(o, 

do) being an element of solid angle in the rest system. 
Prom (12) and (13), on the world tube 


0^ 

r V 


e** 


(54) 


(55) 


and 


Lg!.v = 


/IX 


+;\:’ 




dr-J 

CO ^ 


(56) 


where we have separated terms of different order in e by a comma. The first 
term in (65) is of the order e“^, the other two being of order er^, is of 
order 1. dS^ is of order e^. The energy tensor (14) may be written 


T — 4- T’tnix 1 7Mn 

fiv * ftv ' UV ' ftv* 

where is the tensor which only consists of and f/[J. Since 0^,^ is of 
order 1, it may be treated together with frj”. Tjjj when integrated over the 
tube is of order e* and may be neglected. In we need only consider the 
first term of order in (55), and neglect the k* term in (54), since these give 
contributions of higher order. 

Now from (55) and (54) 


Therefore 


- - Ql^dS^ = {v^( 1 - a:') + ay doidr. 


(57) 


L e« ’ e» e* e ’ e* e J 


i.Q( Q<fP = - — 
gi^<rp^ 
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For the purposes of integration we note the following formulae, which can 
be derived easily in the rest system, and then written at onoe in tensor form, 
is any tensor not a function of position on the sphere: 


An 

Jl. 

An 

in 


{s.-ev )d(jj = 0, 


j' 


iv^A'’ for 
for 


a^A^dw 


/t~0, 

/i = k 




With the help of these 


( 68 ) 


- i j{0%G\ + ig^CP>,0^P-}d8>‘ * (69) 

In calculating the flow due to we notice that the first term in (66) will 
contribute nothing. For this could only give a contribution when multiplied 
by the first term of (66). But the first term of (55) when multiplied by itself 
should have given a contribution of order to (59). (69) shows that this 
term vanishes. Since the first term in (56) is just - times the first term 
of (55), it will give no contribution to the energy flow. The second term in 
(56) is continuous everywhere and hence may be just considered as a part 
of For brevity we will not write it explicitly in the calculations and add 

it in the final formula. Using (64), (65) and (57) 

-~j{€f%0^^% + 0%CP^}d8» 

=* 0*^’',(8^—v,e)du>dT+gjo^^^ifd<i>dr 

(60) 

Next. 

»-\gGpfdT. (61) 

We have still to consider the terms in (26). The first term of (9) is of the 
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order e“^, so that only the product of this term with itself will make a 
contribution to the energy flow; 


£jp,u.ds ’.= 0, 
£jk.U,mdS:g‘£j‘j^-^td.dr.O. 


Adding (59), (60) and (61), we finally find for the energy flow out of a length 
dr of the tube 

~ *’*) ''' 

which is the result quoted in (19). 

We now derive the expressions for the potentials at a large distance B 
due to a neutron oscillating according to 


w, 


sinWo<; = 


0 . 


For this purpose it is convenient to write the expression (9) for the potential 
U, by partial integration in the form 




(62) 


To the first order in /ff s* N (T—<)*— 

K '== (T —— cos (Ogt, 

Wor. 1(5) N -^-“l“'?3.^o(j.yLp) + OOT, 

d /vo\ ficj^XeinWot 


dr' 


(T-t)* 


Hence from (62), neglecting higher orders, 


U, 


r°°j « T/ \f /?W|)Sin«>n<l 
" ®'J 0 ^ («* + ^*)* I («* + 

rs -ff^iS[e*^^I—oonj. complex], 


where 


0 '^s‘+B‘ 




■J, 
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Now by a well-known theorem of Bessel functions (see Watson) 

j: 




Therefore 


■r 

J 


'fiwo 


neglecting higher powers in 1/JS. 
Hence, at large distances 


g-a;V(wo*“A:*) 


r;,= 


g-Sv/cx'-V)cos {(o^T) I Wj I <y, 


M 

^ cos {^0 T - R^(wl - x^)} I Wo I > x> 


which is the result quoted in the text. 
We similarly find 


'• or 

u, == g 

j(i 






Here we have to integrate twice with respect to After some easy analysis 
we get the result quoted in the text in (37). 


Summary 

The vector equations for the meson field and their associated energy 
tensor are taken as exact, and the meson-field quantities are taken as 
commuting classical variables. A self-consistent classical scheme is developed 
for treating the meson-field and point neutrons (or protons) moving along 
classical world lines. The scheme takes account of the reaction of the emitted 
meson field on the motion of the neutron. The mass of the neutron (or proton) 
which occurs in nuclear phenomena is shown not to be the real mass but less 
than it by about ten million volts. For high-energy phenomena the real mass 
counts. Formulae are given for the scattering of mesons by neutrons which 
are valid to energies comparable with the mass of the neutron, and supersede 
the previous formulae. These show that for the same high energies, longi¬ 
tudinally polarized mesons are scattered much less than transversely 
polarized mesons, giving them much greater penetrating power. It is shown 
that classically the reaction of the emitted radiation is not important till 
energies of ten times the neutron mass and hence that the quantized neutral 
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meson theory which neglects this is valid up to about these energies. It is 
proved that the rest mass of the meson is not connected with Heisenbei^g 
explosions, but that if these exist, they must be due either to the spin 
interaction or to the fact that the meson field is electrically charged. 
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Distribution of charge and potential in an electrolyte 
bounded by two plane infinite parallel plates 

By A. J. CoBKiLL, B.Sc. and L. Eosbnhbad, Ph.D,, D.So. 
University of Liverpool 

{Communicated by W. C. M. Lewis, F.R.8.—Renewed 28 April 1939) 

1. Intboddction 


The density of electricity, p, in a positively charged binary electrolyte 
associated with the distribution of ions in it is connected with the electro¬ 
static potential, by the equations 

-47rp/Z>, (M) 

p = t^jPC^exp (- vFfjRT) - exp {vF^jRT)]. ( 1 - 2 ) 

(See § 2 for the meaning of the various symbols.) 

If the electrolyte is contained between two plane infinite parallel plates 
which cut the r-axis at right angles at the points x — d and x — l, the 
equation (!•!) assumes the form 


d^ijr _ irrp 

di* IT’ 


(Ma) 


while equation ( 1 - 2 ) remains unchanged. 

The basis of the following theory is due to Gouy ( 1910 ), and the above 
equations can be found, with a somewhat different notation, in a paper due 
to Chapman ( 1913 ). Gouy calculated the distribution of charge in a semi- 
infinite electrolyte bounded by a plane plate. Bosenhead and Miller ( 1937 ) 
applied his results to the case of an electrolyte between two plane plates by 
assuming that the charges associated with the two plates could be sui>er- 
posed. This assumption can only be justified when vF^fRT is so small that 
powers of it higher than the second can be neglected so that the differential 
equation for and hence that for p, becomes linear. In this paper an exact 
solution of the problem of the distribution of charge between two plane 
jdates is obtained. 

The following investigation is also of interest from a different point of 
view and has some practical application as follows. Certain colloid oxides, 
such as, for example, FejOg and WO,, show a tendency to separate out in 
horizontal layers at the bottom of the vessels which conljain them (Zooher 

[ 410 ) 
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1925), In order to explain the characteristics of this phenomenon certain 
assumptions were made (Bergmann, Low-Beer and Zocher 1938) and 
reference was also made to the distribution of charge in the electrolyte 
between the layers so formed. The mathematical theory of the “ Zocher 
Stratification*', as originally stated, is approximate, and as the quantities 
under consideration are very small, the approximations made mask a 
number of interesting featui'es. In particular the evaluation of the force 
between the plates is open to criticism. Mr Bikerman proposes to develop 
an alternative theory for the evaluation of this force. In this theory a number 
of points arose which are dealt with in §§ 7 , 8, 9 , 10 of this paper. Mr Biker- 
man proposes to apply these results to his theory in the near future. 

A summary of the results obtained can be found in § 12. Tables of numerical 
values can be found in §§ 4 , 6, 8. 

During the work a number of points arose for the elucidation of which we 
are greatly indebted to Mr J. J. Bikerman of the Department of Colloid 
Science, Cambridge. 


2 . List of symbols 

X the distance from the plate a; = 0; 

I the distance between the plates; 

ir the electrostatic potential; 

- ^{^0 potential at x - 0; 
the potential at x = 

f the electrokinetic potential difference (in § 11 this is identified with 

Q the total charge in a column of electrolyte of unit section between 

X s= 0 and x = Z; 

p the volume density of charge in the electrolyte; 

(T the surface density of charge on the plates; 

N the ratio of the concentration of positive ions at any point in the field 
to that in the undisturbed field [= exp (— vF^/RT)]; 

^0 fhe concentration ratio at x = 0; 

A 1 the concentration ratio at x = 

^ the valency of the electrolyte (which is assumed to be binary); 

F Faraday’s constant, equal to 90,494 coulombs, = 2-89 x lO^^e.s.u.; 

0 the concentration of the electrolyte between the plates; 

R Boltzmann’s constant, equal to 8-32 x 10’ ergs per degree; 

^ the absolute temperature; 

D the dielectric constant of the solution; 
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W the electrostatic energy in a column of electrolyte of unit cross section 

between x ~ 0 and x = /; 

S the weight per unit area of the plates less the hydrostatic upthrust 
per unit area; 


a = 2vF{27TCjDBT)^; 

A _ 1 


= vFj2RT\ 
A = ^(1 


k « s-Wi; 

k^^^ 1-P; 

A^^ — Psin^a)- 


3 . Exact foemula for the distbibittion of fotkntial 

We assume that the electrolyte has a positive body charge, that is p > 0, 
and hence, from (1*2), that xjr is everywhere negative. By symmetry the 
system is symmetrical about the middle of the channel, that is 

\lr{x) — }lr{l — x). 


The surface density of electrification on the plates is cr, where 


(T 


D d^/r 
4m dx 


at X 


0 


47r dx 


at X 


I 


The total charge, per unit area of cross section, in a column of electrolyte 
between x = 0 and x — Z is 

Q = f pdx 
. Jo 

= vFcj (c-W_eW)dx 
rv 

= 2vFC I (e-W - eW) dx. 

Since all the tubes of force originating in the fluid must end on the plates, 
the following relation must be true identically, 


Q 4 - 2 of = 0 , 



~3~ 


that is 
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The validity of this identity can be checked from the relations which will 
be obtained subsequently. We see however that (dfldx%^^ must be positive 
and hence that i]r must increase as x increases from 0 to \l. Let - li-Q be the 
value of ijr X — 0, and - its value at a: = \l. 



Fig. 1 

If p is eliminated between (Lla) and (1-2), we get 




invFO 


[e-'W_eW], 


(31) 


which can be integrated immediately to 

/d^V_ 


\dx / 


[c-W + fW _ B], 


where i5 is a constant of integration. If di/rjdx ~ 0 at a; = 1/, where ^ 
we have 

B (3-3) 

Since N, the ratio of concentration of positive ions at any point in the field 
to that outside the field (where ^ - 0), is equal to e W, we see that 

where N-^ is the concentration ratio at a: = ^l. If in equation (3‘2) we put 

1 (3-4) 

2 K =z — (Aj/A)* < ij 


it becomes 


(I)'- 




where a*« Bm^F^CjDBT. 


Hence 




27'Z 
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in the range in which range z< 1, On integration this 

becomes 

F[k, sin-i - F[k, sin^i- JA:”»a:, (3-7) 


where 



_ 

(l — A^sin^ji)** 


Both the elliptic integrals in (3-7) are positive and less than, or equal to, 
K, the complete elliptic integral of the first kind. 

Near the plate x ^ 0, the potential is given by 


neglecting terms in x^, a:*,.... 
That is 


. , 4n(T 

xjr = 


Tables of values of cr for differexit values of ijr^ and I may be found in § 6. 


4. The “period equation” 
Since ^ when x = equation (3’7) gives 

\k-^a.l = F[k, 8in-» (1)] - F[k, sin** 

= A:-i’[/l:,8in-Je^'>*-W], 


(4-1) 


from which it can be deduced that Kk^ > \od. Writing a = sin~*c^i‘'i">‘’<>> and 
J a= ^(1 — k*im^(l>), this becomes 


r** 

i;!;-*aZ= I 


d ' 


(4-2) 


Equation (4'2) connects up \jf^, and 1. We shall call it the “period 
equation The results of the numerical solution of the period equation are 
shown in Table I. 

In fig. 2 the relation between and I is exhibited graphically. From 

the curves it appears that, for any given value of al, increases with 
but tends to a finite limit as tends to infinity. The limiting value of v^i 

ri»d<j> 

is a function of 1. It is zero when I is infinite, and as I tends to zero I -j 
tends to zero. That is, a tends to \v, or tends to 
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Table I. Numbbical values of and I 


fo 


(volts) 



al^O 

It 

0*000 


0*0000 

0*010 


0*0028 

0*020 


0*0062 

0*030 


0*0077 

0*040 


0*0100 

0*050 


0*0122 

0*060 


0*0142 

0*070 


()*()167 

0*080 


0*0171 

0*090 


0*0183 

0*100 


0*0194 

0*110 


0*0202 

0*120 


0*0210 

0*130 

for 

0*0216 

0*140 

all 

0*0222 

0*160 

values 

0*0226 

0*160 

of 

0*0230 

0*170 


0*0233 

0*180 

0*0236 

0*190 


0*0238 

0*200 


0*0239 

0*210 


0*0241 

0*220 


0*0242 

0*230 


0*0243 

0*240 


0*0244 

0*260 


0*0245 

0*260 


0*0246 

0*270 


0*0246 

0*280 


0*0246 

0*290 


0*0246 

0*300 


0*0247 


\fr^ (voltfl) 


a^= 8 

oil-- 

= 12 

a/: 

= 16 

0*0000 

0*0000 

0*0000 

0*0004 

0*0000 

0*0000 

0*0007 

0*0001 

0*0000 

0*0010 

0*0001 

0 0000 

0*0014 

0*0002 

0*0000 

0*0017 

0*0002 

0*0000 

<>()020 

0*0002 

0*0000 

0*0022 

0*0003 

0-0000 

00024 

0*0003 

0*0000 

0*0026 

0*0003 

0 -(MM)0 

0*0028 

00004 

0*0000 

0()030 

0*0004 

00000 

0*0031 

0*0004 

0*0000 

0*0032 

0*0004 

0*0000 

0*0033 

0*0004 

0*0000 

0*0033 

0*0006 

0*0001 

0*0034 





0*0034 





0*0035 





0*0036 





0*0036 





0*0035 





0*0036 





0*0036 ' 





0*0036 





0*0036 





0*0036 





0*0037 






oU> 16 
0 0000 


00 


0*0247 


00037 0*0006 0*0001 00000 


6, DisTRIBITTION of POTEKTrAL (oU > 20} 

We have shown that Kk^ > Jot?, so that if ocl > 20 it can be seen from tables 
that the limits between which k must lie are given by the relation 


0*9996, 
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and hence, from (3*4), that is very smidl. The modnhis of the elliptic 
functions is therefore approximately equal to 1 . 



If i » 1 exactly, then A = oo. Further, = 0, from (3*4), and 1 * oo, 
from (4* 1), so that k = \ corresponds to the case discussed by Gouy in which 
the electrolyte is bounded by one infinite plate. Equation (3*7) becomes 


ilog 


1+e^ 


-ilog 


1+e-At^. 


= \oix. 


that is 

and hence 

and 


Ae"-1 

Ae»*+r 


AT siw /Ae“*+1\* 
f - vFCiN-N-^) _ 


( 6 * 1 ) 


which agree with the expressions found by Gouy. The equations were first 
published in this form by Bikerman ( 1933 ). 
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When k is approximately equal to 1 and u is small, the expression snu 
can be replaced by 

(l + iJfc'*)tanh(l«Jjfc'«)w, (6*2) 

where it'* « 1 —P (Tannery and Molk). 

In the case under consideration jfc'® « approximately, 

which is less than or equal to 0*0008. Hence is less than 3-1 x 10~*e.s,u,, 
that is 9*3 x lO"* V. 

Applying (6*2) to (4*1), we get 

that is log A — log (1— JotZ, 

or k'^ = 




(6-3) 


We therefore see that t/r^ is zero only ifl^oo. 

Applying (6*2) to (3-7) we obtain expressions identical with those given 
in (6* 1) and we see, as was to be expected, that the distribution of potential 
in the neighbourhood of any one plate is unaffected by the presence of the 
second plate. The exact solution (3*7) does not reduce to the approximate 
solution (6-1) when x approaches for then the argument of the inverse 
elliptic functions approaches the value 1. Combining (3-7) with (4*1) how¬ 
ever, we obtain 

sin~^ = A -f \k^^0L{x - 


and hence 




(m[\k-^^0L{x — \l)] 
dnllk^-^aix-^l)]' 


(6*4) 


In the centre of the channel where {x^^l) is small this equation can be 
replaced by the approximate relation 


1 + jA:'* sinh* ja(a; - Ji) ’ 


which reduces to ^ cosh«(»- ^l). (5'5) 

When 0<al<20 the potential rises monotonically from * = 0 to a; = 
and then decreases monotonically to » =* i, the system being symmetrical 
with respect to a: - 
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6. Thh elbotrostatio eoroe between the platw and 

THE DIFFUSE IONIC lAYBBS 


The electrostatic force per unit area exerted on the plates by the ions 
tending to neutralize their charges is e^ual to 2ir(r*/Z>. Now 


cr 


Ri^\ 

47r\da;/^o’ 


and 



BnCRT 

D 




BnCRT M • » V 

ra —— oot®a(l — k^&wra). 


Henoe the electrostatic force per unit area between the plates and the 
ions is an attraction of amount, 

2CRT(coBh ~ cosh ^ CRT cot* a( 1 — A?* sin* a). 


The surface density of charge, o', on the plates is given by 

cr = “ J (cosh 2fi}/r ^—cosh 2fi}/rj), (6*1) 

As Z^O,however, J Thatisa-^ j7randcr-^0. AsZ->oo, vi^i ->0and 

/2DCRT\i.... 

-1 sinhyJ^o- 

Numerical values of — (rj^CD and al are given in Table II. In order to 
obtain a representative case T was assumed to be equal to 290° A, and v, 
the valency of the binary electrolyte, equal to 1. 

The force 2ncr^lD does not affect the distance between the plates. The 
force tending to separate the plates is —dWjdl, where W is the electrostatic 
energy in a column of electrolyte of unit cross section between a? ==: 0 and 
x^ l. The theory associated with this will be published later by Mr Bikerman. 


7, Exact fobmula for the electrostatic energy 

According to the general formula the electrostatic energy in a column of 
electrolyte of unit cross section, between a? = 0 and a; =« /, is 


W 


Bn 





(7-1) 
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Table II. NtrMEBioAL values of o-/V(CD), ^o. and al (temp. = 17° C) 


-^crf^{CD) (e.s.u.) 


to 

(volt») 


0‘00 

0*01 

0*02 

0*03 

0*04 

0*05 

0*06 

0*07 

0*08 

0*09 

0*10 

O-Jl 

0*12 

0*13 

0*14 

0*15 

016 

0*17 

0*18 

0*19 

0*20 

0*21 

0*22 

0*23 

0*24 

0*26 

0*26 

0*27 

0*28 

0*29 

0*30 

0*81 

0*32 

0*33 

0*34 

0*36 


Let k-i 


ai -»-0 


<rl^{CD) -* 0 
for 
all 

valiieH 

of 

^0 


<x2=:4 

0*000 

2*366 X 10* 
4*864 X 10* 
7*654 X 10* 
1*067 X 10* 
1*402 X 10* 
1*804 X 10* 

2*282 X 10* 

2*849 X 10» 
3*641 X 10* 
4*363 X 10* 
6*360x10* 

6*660 X 10* 

8*031 X 10* 
9*786 X 10* 
M97x 10* 
1*467 X 10* 
1*781 X 10* 
2*165 X 10* 
2*646 X 10* 
3*217 X 10* 
3*929x10* 
4*780x10* 
6*834 X 10* 
7*090 X 10* 
8*661 X 10* 

1 068x 10’ 
1*306 X 10’ 
1*694 X 10’ 
1*947 X 10’ 
2*308 X 10’ 
2*904 X 10’ 
3*376 X 10’ 
4*122 X 10’ 
6*034x10’ 
6*149 X 10’ 


al:=8 

0*000 

2*462 X 10* 
6*021 X 10* 
7*784 X 10* 
1*084 X 10* 
1*433 X 10* 
1*838 X 10* 
2*316 X 10® 
2*880 X 10® 
3*670 X 10® 
4*379 X 10® 
5*383 X 10® 
6*671 X 10® 
8*049 X 10® 
9*801 X 10® 
1*199 X 10® 
1*468 X 10® 
1*782 X 10® 

2-166X 10® 

2*647 X 10® 
3*217 X 10® 
3*930 X 10® 
4*781 X 10® 
6*834 X 10® 
7*091 X 10® 

8*661 X 20® 

1*068 X 10’ 
1*306 X 10’ 
1*594 X 10’ 
1*947 X 10’ 
2*308 X 10’ 
2*906 X 10’ 
3*376 X 10’ 
4*122 X 10’ 
6*034 X 10’ 
6*149 X 10’ 


a /^12 
0*000 

2*464 X 10® 
6*024 X 10® 
7*788 X 10® 
1*086 X 10® 
1*434 X 10® 
1*838 X 10® 
2*3l6x 10® 
2*881 X 10® 
3*671 X 10® 
4*380 X 10® 
6*384 X 10® 
6*671 X 10® 
8*049 X 10® 
9*801 X 10® 
1*199 X 10® 
1*468 X 10® 
1*782 X 10® 
2*166 X 10® 
2*647 X 10® 
3*217 X 10® 
3*930 X 10® 
4*781 X 10® 
6*834 X 10® 
7*091 X 10® 
8*661 X 10® 
1*068 X 10’ 
1*305 X 10’ 
1*694 X 10’ 
1*947 X 10’ 
2*308 X 10’ 
2*906 X 10’ 
3*375 X 10’ 
4*122 X 10’ 
6*034 X 10’ 
6*149 X 10’ 


=» sm0, SO that fid\/r =* From (3-2) 



SnCRT 

~D 


c 







and henoe 



420 


A. J. Corkill and L. Bosenhead 


in the range 0 < a; < ^2, in ■which range — < V®" < ~ Thu* 


where 

Hence 


a == gin“* 


ak^ 


COfl^ 


r A i jI*" r*" j/ >1 • jt ifc*8in^oo*‘<4\ ,, 

= 1—Jcotpl +1 coBecpI —Jainp--- 

=*cotoJa-2j Jdl^ + (l-ifc*)j* ~ 

= cot a/j„ - 2J J + \al Jk~*( 1 — jfc*), 

from (4-2), where J„ = ^(1 -P sin® a). That is, 

~^W i(kr^-k)cd-k-^^^^Ad^-<sota/i^. ( 7 - 2 ) 

Either (7‘1) or (7'2) may be used to obtain expressions for dWjdl. 
From (7-1) 

lx “ 'SwdiUx-oU*; 

* + 2CRT (cosh 21 f - cosh 2fi^i) dx. (7-3) 


The expressions for dWjdl contained in the following sections have been 
derived from (7'2) on the assumption that 

0) (l^o ~ independent of {, 

(ii) ^0 is independent of I, 

(iii) (T is independent of 1. 
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8. Exact formula for dWjdl, on the assumption 

THAT IS INDEPENDENT OF I 

Differentiating (7-2) with respect to k we obtain 

iCBTlic ” 

+ ^2J Ad^ — cot aJ„J 

= -k)a~ + {cdk-W^ - k-t d54 - cota . 

( 8 - 1 ) 

Further lai = fci 

J a ^ 


Further 


Hence 


which, after some manipulation, becomes 


dl I 
^'dk kk 






sin o cos a” 


Combining (S-l) and (8'2) we obtain 


J_ dlF_ a dW} dl 
CRT dl iCRTdk r^'dk 




\alk’^ + 


,2 A;* sin a COS a" 


+ \odk~*k'^ - )b-« f‘’j dif> - \k-^ coto -- 

_ h _,_ 

1 rtiC*”Ajj. 1 i'sinooosol 

iF*L Jo +- A'„ -J 


+ fc*sin*o 

~aZ 


the numerator of which can be simplified to lodk'*k~*—^k~*ootaAg. 


Finally 


m ^ CRTXi{Xt~\i) 
dl — Aj "I* Aj 


(8-3) 






422 


A. J. Oorkill and L. Rosenhead 


where 



A, = iadk'% 


Aj = P»COtoJa, 



Aj = k^8inaocmalA„. 


The expression for dWjdl was put into the form (8-3) in order to facilitate 
numerical computation. 



(voltw) 
Fio. 3 


Numerical values of - given in Table III. In order to obtain a 

representative case T was assumed to be equal to 290“ A and v equal to 1. 

Fig. 3 shows the relationship between — in graphical 

form. As I tends to aero, tends to The limiting curve for ai 0 
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therefore coincides with the line = 0. When I is infinite, dWjdl is 

zero, and the curve aZ » oo coincides with the line dWjdl ^ 

(TEMP. = 17^ C) 

/ 1 d.W\ ^ 


n-Vi 

' 


JL. 

(volts) 

a; = 4 

a/= 8 

od-n 

O'OOOO 

0000 

0-000 

0-000 

0-0003 

7-616 X 10* 

. . 4 


00008 

.. • 

4 . . 

1-080 X 10* 

00011 

1-227 X 10’ 



0-0024 

6-213 X 10’ 


... 

0-0026 

, ^, 

8-492 X 10« 


0-0031 



1-765 X 10« 

0-0045 

2-432 X 10* 



0-0068 



... 

0-0069 

6-066 X 10« 



0-0070 

• « • 


8-968 X 10* 

00102 

1-102 X 10* 

1-409 X 10« 


00124 

• • • 


2-872 X 10’ 

0-0142 

2187X 10* 



0-0175 

. • • 

4-076 X 10« 


0-0194 

4-107 X 10* 

. 4 . 

... 

0-0196 


4 . 4 

7-178 X 10’ 

0-0234 

• • * 

4 4 4 

4 4 . 

0-0236 

* * * 

7-466 X 10» 


0-0268 

7-899 X 10* 

. . . 


0-0346 

1-396 X 10“ 

. 4 4 

... 

0-0349 

4 4 . 

1-692 X 10» 

... 

0-0469 

2-782 X 10i» 

. . 4 

... 

0-0644 

• « « 

4 . . 

6-031 X 10* 

0-0560 

• • • 

4-704 X 10» 


0-0671 

• * * 

. . 4 

... 

0-0867 

6-201 X 10«» 

. 4 4 


0-0708 

+ * « 

8-096 X 10» 

... 

0-0820 

« # « 

1-137 X 10“ 

... 

0-0876 

1-215 X 10“ 

* 4 4 


0-0914 

• 4 4 

1-622 X lO^o 

... 

0-1034 

... 


2-793 X 10* 

0-1066 

» * • 

2-232 X lO'" 

... 

0-1114 

2-333 X 10“ 

4 4 4 

... 

0-1260 

4 « • 

8-819 X 10“ 

... 

0-1316 

8-800x10“ 

« • • 

... 

0-1687 

4 1 * 

» » » 

... 

0-1662 

4 4* 

7-380 X 10"' 

... 

0-1678 

8-482 X 10“ 

... 

... 

0-2490 

.. ■ 

1-642 X 10“ 

... 


a/= 16 
0-0000 


8-210 X 10 * 


1-404 X 10 ’ 


9-116 X 10 ’ 


Oil 


\dW 
“ C dl 

for 

all 

vahieH 

of 

(fo-ifi) 


•226 X 10* 
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The curves show that for “reasonably large” values of 
value of dWjdl is always negative. The sign of dW/dl when is 

small needs more careful attention. The following brief investigation, how¬ 
ever, shows that even in this region dW/dl is always negative. 

When (^o“ ^i) small, k is very nearly equal to 1 and a is nearly 

equal to ^n. Put {r/fQ - = e and a = ( Jtt — where e and ^ are very small 
quantities. Since sina = we have, as a first approximation, 

l-h*= 1-y^e, 

that is 1 / « a = Jtt —^(2 /?€). 

With these values 


Ixlk- 


_ r*" 
J a d J 


d(l> ^ \ ^(2/ie) 

sin*V(i -^) ’ 


that is Aj = = ^kWyj{2fiE), 

Further 


Henoe . 

that is, when e = 0, or 1 — /?e = I. 

dWjdlia therefore negative when i® small. 


9. Exact formula foe dWjdl, on the assumption 

THAT v5"o IS INDEPENDENT OF I 

Differentiating (7*2) with respect to fc, we obtain 


a dW 
ICRf Ik 


i(k~^-k)cc~~ - J(1+ A:“®)ai+iik”*|^2j* Jd^-ootOrd„J 


-k-i 





da da 

- 2 cot a oosec* a^~2k cos* a + 2ik* cos a sin a ^ 


2 cotaz]„ 
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which, on aubatituting (— tan a/2k) for dajdk, simplifiea to 


— Ad<l> “ tan a 

1 1 If* 


14- fc* 008 2a 


Further \cdk'^^ =J 

and hence 

1 1/ 11 1 dZ , . 1 da 1 r* 

\cd{-\k ) + \a-^^k --T^ + j^'aJ 


1 ^ A; sin a COB a 

kja l 


^ ^ , ,dl tana 1 f*'. ,, ^ainacoso , „ , 

cM 2(4:'* tana + Fain 2a) 4 r*”.,, . „ . 

“5ifc =-^ (9.2) 


- lodk-*, 


kik'^A., 


Combining (9*1) and (9*2) and simplifying, the expression for dWjdk 
reduces to 

a dW , ,/A;Y 
iGRfdk-^°'\k)- 


Combining (9-2) and (9.3), we have 


1 dW__a_^l dl 
CBT dl ~ CRT dk rdk 


jodk-W^ 



J/fc* tan a ^ ^ ^ + F f‘J d<f> - \odk'^' 

Jo. 


or 

dW _ CRT\i\ 
dl A4 “ ^2 + ^ 

(9-4) 

where 




A, = iai*'*, 



A, « JFtano(l + Foo8 2o)/Ja. 
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Consideration of fig. 2 shows that if remains fixed diminishf iH as 
I increases. That is to say dljdk is always positive. Moreover, by ( 9 ‘ 3 ) 
dWjdk is always positive, and hence dWjdlm always positive. 

Let us now consider limiting values oidW jdl, that is when ad is very small 
and when al is very large. When al is very small ijr^ is very nearly equal to 
\jri and a is approximately Jtt. Writing a = (In—ij), where 7 is very small, 
the formula for dWjdl becomes, on simplification, 

dW 

= constant x 

which tends to zero as ad tends to zero. When od is very lai^e k tends to 1 and 

Ja V(l-* 

->0 as ifc-^ 1 . 


Hence dWjdl tends to zero as od tends to infinity. 

On account of these two properties it is clear that, for a fixed value of 
dWjdl increases from zero to some maximum value and then decreases back 
to zero as ad ranges from zero to infinity. Therefore when ad is comparatively 
large dWjdl diminishes as al increases. Such a state of affairs cannot 
possibly account for the observed phenomenon. Experiment shows that as 
the colloid substance separates out into layers, the distance between the 
layers diminishes as the number of layers, counting from the top, increases. 
With special reference to fig. 4 this means that Ij > 1, > Ig..., where ly is the 
distance between the first and second layers, Ig the distance between the 
second and third layers, etc. Consideration of the statical equilibrium of 
the nth layer shows that A„ — — 8, where A„ is the electrostatic force 

of attraction between the nth and (n+l)th layers and the layer corre¬ 
sponding ton = Oisatinfinity. It can be seen quite easily that A „ =* Ag-nA'. 
This means that the electrostatic force of attraction diminishes as I 
diminishes. This is true for all values of I, particularly at the top of the 
system where I is comparatively large. This experimental fact shows that 
the assumption, made at the beginning of this section, that is independent 

of I is invalid. 

Alternatively the fact that the assumption that “ independent of I 
leads to Ag « 0 is sufficient to show that the assumption is invalid, for the 
top layer cannot be in equilibrium. 
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10 . £iXACT FORMULA FOB dWjdl, ON THE ASSTTMFTION 
THAT (T IS INDEPENDENT OF / 


We have W = i (i: i - k) oil - 

- fc *^2 J Adif) — VA^taA^^ , 

(101) 

/ 27r y 



\DGRfj ^ "" 

(10-2) 


- fi, 1), say. 

(10-3) 


t 

Zo-oo 



Fiq. 4 



Vol. 173. A, 


38 
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a aiir 
4.CRT dl 

/ 27f \* dcr 

\pCRf) 

/ 27T y d(T 

\pcRf) 

d(T 

Ji 

0A 

dfa 

dh 

Wx 


= 0 , 

_ piana 
- -A-’ 

= \alfik~^ “ M f — j,,^A (2*:* sin a cos o 4- ft'® tan a), 
^ ^ J a ^ 


0ft _ 

M ~ 


-iak-i. 


Substituting these values in (l<)-4) we obtain, on simplification. 


1 dW 

, 1 -1-ft® sin® a 

ft * X 

— 4ft® sin* a — JaZft~*ft'®| 

foot a ^ ^ 

— -f tana^dfl 

da / 

1 

CRT dl ~ 1 



/””^.® + tanadJ 
\ J 

i 1 + fc*cos*a-f A:^8in*aco8 2a 

r ft'®d. 


( 10 - 6 ) 


When al is very small this reduces to 


1 dW k\\-k’\ 
CRT dl ~ ■ 2-ft”” 


1 dW 

and as al tends to infinity, 

, I dffr 

The curves obtained by plotting 7 f>>m iv against when aZ = 0 and 

OJtil (ll 


when al — CO are shown in fig. 5 and rough numerical calculations lead to 
the conclusion that the curves corresponding to intermediate values of cd 
lie between these two limiting curves. dWjdl is, therefore, always positive 
and the electrostatic force between the plates one of attraction. 

To each pair of values of al and x/r^ there is a single value of <r, and if al 
is fixed O’ increases numerically from zero to infinity with yftg. To each point 
on an (aZ) curve there is a corresponding value of <r, and if the points repre¬ 
senting the same value of or are joined we obtain a aeries of curves along each 
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of which cr is constant. These are the dotted lines in fig. 6 . Each {&) curve 
outs each (cd) curve in one and only one point. 

It is clear from the form of the curves that, for a fixed value of tr, dWjdt 
increases from zero to some maximum value and then decreases back to 
zero as ad falls from infinity to zero. When od is large, or only moderately 
large, therefore, dWjdl increases as od diminishes and since this result is 
contrary to observed fact it follows that the original assumption, namely 
that <7 is independent of I, is invalid. This can be seen more concretely from 
a consideration of the equilibrium of the top layer (see fig. 4 ). The force 
corresponding to al = oo is zero, and hence the top layer is not in equiUbrium. 



Kio. 5 


11. CoMPAEISON WITH EXPERIMENT 

Experimental results are contained in the pai)er by Bergmann etal. ( 1938 , 
Table I, p. 309). The authors experimented with NaCl, NaNOj, KCl, KNO,, 
KOH and HCl and observed the value of I experimentally when the number 
of layers above the point of observation lay between 100 and 1000 . The 
conclusion they arrived at was that the electrokinetic potential difference, 
C which we here identify with was approximately 88 mV, and 

that (7 was approximately lO^e.s.u. Table IV is a composite one containing 
some of the experimental results of Bergmann et al. and theoretical numerical 
values deduced from the present investigation. 

The fact that a range of values of ^ is given in Table IV should not be 
taken to imply that ^ varies with the number of layers above the point of 
observation. On account of the fact that the column headed “at” gives 
only an average value valid for the range in which the number of over¬ 
hanging layers lies between 100 and 1000 , it is impossible to specify ^ more 
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closely than is done in Table IV. The column headed f (100 layers) gives the 
value of ^ if the number of overhanging layers had been exactly 100 and that 
headed f (1000 layers) gives the value if the number had been exactly 1000. 

It is interesting to note that cr is not more than about SBOe.s.u., while for 
small concentrations c can be as low as lOe.s.u. In the paper by Bergmann, 
Low-Beer and Zocher a was deduced to be about 1000e.s.u. 

The assumptions made in this investigation lead to values of ^ which are 
rather low. 

Table IV. Range of values of the blbctbokinbtic potential 

DIFFEBENOK CONSISTENT WITH BXPEBIMENTAL BEStJLTS, DEDUCED 
FBOM THE ASSUMPTION ^ 


X force per unit area 


c 

(average 

value) 

(experi¬ 

al 

(average 

value) 

on layer, 
sq 

in dynes per 
. cm. 


CmV 

per unit 

mental ) 

(experi¬ 

100 

1000 

100 

1000 

volume 

(cm.) 

mental) 

layers 

layers 

layers layers 

l-6x 10-» 

6-4 X 10-‘ 

6*9 

4*0 X 10’ 

4-Ox 10* 

5 

10 

4*0 X lO"* 

4-6 X 10 '“ 

9*3 

1*5 X 10’ 

1-6 X 10* 

5 

u 

6*0 X 

4'2x 10-‘ 

10*7 

1 Ox 10’ 

1-0 X 10* 

6 

19 

9*0 X 

3-8 X 10-* 

11*8 

6*7 X 10* 

6-7 X 10’ 

6 

20 

160x 10"« 

33x 10-0 

13*7 

3*7 X 10* 

3-7 X 10’ 

7 

20 

25-Ox l0-» 

2'8x 10-* 

U*5 

2*4x 10« 

2-4 X 10’ 

7 

20 

36*0 X 10-« 

2'4x 10-‘ 

14*9 

1*7 X 10« 

1-7 X 10’ 

7 

20 

4d*0x 10“« 

2-2x 10-‘ 

16*0 

l*2x 10* 

1-2 X 10’ 

8 

20 

64*0 X lO-s 

21 X 10-* 

17*4 

9‘4x 10‘ 

9-4 X 10* 

8 

22 


12. SUMMABY OF THE PBINCIPAL BB8ULTS 

1. The potential ^ at distance x from a plate is given by 

sin-i V+vs-,)] _ F[k, 8in-» » J*-* *. 

^ increases monotonically from x * 0 to x = Ji and then decreases mono- 
tonically to x a: I, the system being symmetrical with respect to x » il- 
If «/ > 20, 

, 1, Ac^-l 

2. The surface density of charge, cr, on the plates is given by 

(T <m — (cosh —cosh . 
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A I A A J 7 12DCRT\^ . , ,, 

Ab cr*>0; and as Z“>co, I—I sinhyJ^Q. 

3- ftnd I are connected by the equation 



For any given value of al, }jr^ increases with and tends to a finite limit as 
\jr^ tends to infinity. The limiting value of \jr^ is a function of Z, being zero 
when I is infinite. As I tends to zero, tends to 

4, The consequences of the following assumptions are investigated. 

(i) i** independent of 1. This produces a repulsion between the 

layers. A consequence of this assumption, which is in agreement with the 
experimental facts, is that the distance between consecutive layers 
diminishes as the number of layers above the point of observation is in¬ 
creased. The range of values of the electrokinetic potential difference, which 
is identified with — consistent with experimental results is 

5-22 mV. 

(ii) is inde|)endent of L This produces an attraction between the layers 
which cannot account for observed phenomena. 

(iii) or is independent of L This also produces an attraction between the 
layers which cannot account for observed phenomena. 
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The absorption spectrum of nitrosyl chloride 

By C. F. Gooobvb and S. Katz 

The Sir William Ramsay arid Ralph FcTater Laboratories, 
University College, London 

[Communicated by 8 , Sugden, F.R, 8 ,—Received 28 April 1939 ) 

Although the photodecomposition of nitrosyl chloride has often been 
quoted as a typical photochemical reaction, there is considerable disagree¬ 
ment in the literature with regard to its exact mechanism. Early workers 
(Kiss 1923; Bowen and Sharpe 1925) found a quantum efficiency, y, of 
0*6 for the visual region, while Kistiakowsky (1930) found a value of 2. 

Quanta of wave-lengths shorter than 7600 A have sufficient energy to 
dissociate NOG. Kistiakowsky, however, found fine structure in the 
spectrum as far down as 4100 A and suggested therefore that the reaction 
occurred as a result of a collision between a photochemically activated 
molecule and a normal molecule. On the other hand, Allmand (1931) 
pointed out that the fact that y was not reduced (Kistiakowsky 1930) 
either by sevenfold dilution with nitrogen or reduction in pressure by a 
factor of nine, indicated a primary dissociation mechanism. He suggested 
the possibility of this occurring without the disappearance of rotational 
fine structure. 

Recently, Winn (1939) has found photochemical decomposition of 
NOCl to occur with a quantum efficiency of 2 down to extremely low 
pressures. 

The existence of rotational fine structure associated Avith primary disso¬ 
ciation still awaits clarification. The authors have therefore reinvestigated 
the absorption spectrum of nitrosyl chloride in the visible and ultraviolet 
regions, and have measured the extinction coefficients over a wide range. 
Manganini (1889) was the first to study this spectrum but made only 
qualitative measurements. Leermakers and Ramsi>erger (1932), incidental 
to another problem, measured the extinction coefficient of NOCl over a 
small part of the visible region, but made no mention of fine structure. 

The molecular structure of NOCl has been investigated recently by both 
infra-red and electron diffraction methods (Bailey and Oassie 1934» 
Ketelaar and Palmer 1937; Fox and Martin 1938). The molecule is appa¬ 
rently triangular, the only non-linear completely asymmetrical triatoniic 

t 482 ] 
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molecule reported in the literature.* The other nitrosyl halides are pre¬ 
sumably similar. The characteristics of the vibrations of such a molecule 
still await complete solution. 

Expbkimkhtai* 

NOCl is normally in equilibrium with traces of NO and CI2 at ordinary 
tein}>erature8. It is therefore very important that all traces of oxygen be 
eliminated to prevent the formation of NO2 which possesses a high extinc¬ 
tion coefficient. Special precautions were taken to avoid this possibility. 



Fig. 1. The arrangement for purification of NOCl. 


NOCl was prepared by the method of Scott and Johnson (1929). The 
apparatus was all of glass, and was thoroughly flushed with purified nitrogen 
before the beginning of the actual preparation. Nitrosyl sulphuric acid was 
prepared by passing sulphur dioxide into fuming nitric acid. The nitrosyl 
chloride was then formed by the addition of hydrogen chloride gas. 

Purification was effected in an all glass fractionating system (see fig. 1). 
The system was flushed thoroughly with nitrogen, then evacuated aad 
sealed off. The NOCl was admitted from the reaction vessel by breaking 
the septum A, and was collected in the reservoir below the column; the 
connecting tube was then sealed off. The column was warmed to room 

* DOH ami D8H are possible exceptions to this. rnTr, 

however, the dimensions appear to be the same an those for H,0 (Barker and 81^^ 
I93S). The structure of DSH (Nielsen and Nielsen 1937 ) has not been finally settled 
but it too appears to be symmetrical. 
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temj>erature at the bottom, and cooled to about — 60 ® C at the top. A small 
fraction was removed by cooling one of the bulbs at 5 to * 76 ® C, and was 
discarded after sealing off. The bulk of the NOCl was then distilled into 
the reservoir which was closed by manipulating the internal ground 
joint 0 with a magnet, and the lesidual fraction was removed by distillation 
into C, The bulk was returned to and the distillation repeated. Between 
successive distillations the NOCI was cooled to — 76 ® C, one of the bank of 
septa was opened and the system pumped down and again sealed off. 
After six such fractionations and out-gassings, the remainder of the NOCl 
was transferred to the receiving bulbs D, which were then sealed off. These 
bulbs had septum-sealed side arms to permit the transfer of the NOCl 
without atmospheric contamination. 

NOCl reacts with tap grease and mercury, and therefore taps and mercury 
cut-offs and manometers were excluded from the optical part of the 
apparatus. In this, the quartz absorption cells were attached to one side of 
a quartz Bodenstein spiral manometer M and through a graded seal to a 
glass reservoir. The other side of the gauge was connected to a mercury 
manometer. A bulb D was attached by its septum-sealed side arm to the 
re^rvoir, and its contents transferred by evacuating, breaking the septum 
and distilling. 

Pressures were adjusted in the absorption cell by cooling the reservoir to 
the appropriate temperature. The indicator on the gauge was observed 
through a telescope, and pressures were read on the manometer, using the 
gauge as a null instrument. 

Optical mbasxjremekts 

The molecular extinction coefficient, e, and the absolute extinction 
coefficient, a, are defined by 

.»d 

where and If are the intensities of the incident and transmitted beams, 

I is the length of the absorbing column in cm., c the concentration of 
vapour in g.-mol. per litre, and n the number of molecules per c.c. 

To obtain as wide a range of extinction coefficients as possible, several 
optical systems were used, as shown in Table I. All measurements were 
made photographically, the intensity of the transmitted light being com¬ 
pared with that of light of the same initial intensity reduced to a known 
fraction by some standard device. 
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In the first and fourth systems, comparison spectra taken through the 
empty tube were placed adjacent to the absorption 8f>ectra, In the former, 
a nitrogen atmosphere was used in the spectrograph to eliminate oxygen 
bands around 2000 A. Match points, i.e. points of equal blackening on the 
photographic plate, were determined visually. In several difficult cases, 
notably with the E 1 and V 2 spectrographs, matchings were decided by 
superimposing microphotometer tracings of the absorption spectrum on 
tracings of the reference spectrum. The frequencies of the maxima of the 
bands in the visible were obtained to an accuracy of 10 cm.by means of 
microphotometer tracings. 




Table I 




Absorbing 

Range of 

Range of 




column 

pressures 

frequencies 


Spectro¬ 


Light source cm. 

cm. Hg 

cm.~^ 

Method of photometry 

graph 

I. 

Hydrogen discharge 0 * 1 

{3-85) 

54000 to 

Single cell, diflForent ex¬ 

Hilger 


tube 


47600 

posures 

E370 

n. 

Tungsten iron spark 1 and 4 

5»66 

44000 to 

Spokker, divided beam 

Hilger 

III. 



22000 

phoUnneter (Twyrnan 

>93») 

E 3 

500 c.p. pointolite 4, 10, and 

89-119 

26000 to 

Judd Lewis ( 1921 ) photo¬ 

Hilger 


16 


1.5000 

meter 

V 2 

IV. 

600 c.p. pointolite 138 

10-40 

20000 to 

Single cell, different ex¬ 

Hilger 




12500 

posures 

E 1 


The extinction coefficients in the visible were also measured at 233 *^ K 
using the arrangement described in IV, Table I. The tube was placed in a 
metal trough filled with alcohol. Solid carbon dioxide was added at intervals 
to maintain the tube at approximately the desired temperature. 

For observations at 457 - 4 ° K, a cell system was tised with an outer 
jacket filled with the vapour from boiling aniline, and with evacuated 
end cells to prevent heat loss at the windows of the main cell. The compari¬ 
son beam of the photometer passed through an empty cell. The optical 
system was otherwise identical with III, Table I, with the absorbing column 
10 cm. long. 


Results 

In fig. 2 the logarithms of the extinction coefficients at 293 ° K are shown 
plotted against the frequencies m wave numbers. Within the range of 
pressures indicated in Table I, Beer’s law was found to be obeyed at all 
frequencies. The positions and values of the maxima are indicated in 
Table II. 



-length Angstrom units 



Fig. 2, The extinction co^cient curve of NOCl vapour at room temperature, showing the eleven bimds. 

{A — of Leermakers and Ramsperger.) 







The aheorption spectrum of nitrosyl ckhride 


437 


Tablb II 

Extinction coof^icient at room 
Wftve.longth Wavenumber temperature 



A 

cm.“^ 

e 

a 

A 

1970 

60800 

2550 

«-60 X I0-i« 

B 

3350 

29900 

32-6 

1-23 X 10-i» 

C 

4400 

22720 

6-0 

1-91 X 10-»® 

D 

4750 

21050 

5*3 

2 02 X lO-w 

E 

5385 

18670 

(0-73) 

2-79 X 10 “ 

F 

5495 

18200 

0*65 

2-49 X 10-“ 

G 

6612 

17820 

0-37 

1-41 X 10-“ 

H 

5879 

17010 

0‘63 

2 01 X 10-“ 

J 

6017 

16620 

0-94 

3-.59X 10-“ 

K 

6158 

16240 

0'69 

2-64 X 10 -“ 

L 

6431 

16660 + 40 

(0-17) 

6-38 X 10-” 


(The values in brackets are rather inaccurate.) 



frequency (wave numbers) 


FlO. 3* Showing the effect of temperature on the green and yellow band system O. 

The six maxima E to K are shown in fig. 3. They appear on the spectrum 
as two sets of diffuse bands, each consisting of a central band with a weaker 
band on either side. Between the sets is a region of low absorption. BandL 
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gives rise only to an inflexion in the eiurve rather than to a definite maxi¬ 
mum. No further absorption was found up to 8000 A. In all parts of the 
spectrum the absorption was continuous and showed no suggestion of fine 
structure even with the highest dispersion and resolution used (experi¬ 
mentally determined as 15 A/mm, and 6500 respectively). 

The fine structure found by Kistiakowsky (1930) consisted of lines 
separated by as much as 6 A. The discrepancy between our observations 
and his may have been due to insufficient precautions to avoid traces of 
NOj in the samples which he used. The extinction coefficients of the peaks 
of the NOjf bands are 100-600 times those of NOCl in the visible, and 0*3 % 
of NOg would have been sufficient to account for Kistiakowsky’s observa¬ 
tions. The other characteristics of the absorption found by him are in 
qualitative agreement with those described here. 

The effect of temperature on the absorption in the visible region is 
shown in fig. 3 . At the highest temperature considered here, 467 * 4 ° K, it 
becomes necessary to take into account the dissociation, 

2NOClFi2NO + CV 

The equilibrium at this temperature was observed to be established in a 
few minutes, in agreement with the reaction velocities determined by 
Waddington and Tolman (1935). At this temperature, the equilibrimn 
constant is 0*17 cm. mercury (Dixon 1931). The total pressure of 144*2 cm. 
used oorresix)nd8 therefore to 119 cm. of NOCI. 

Fortunately, over the region studied NO is transparent and the extinc¬ 
tion coefficient of Clg very low (Halban and Siedentopf 1922). Corrections 
for these were therefore unnecessary. 

The effect of temperature is principally to broaden the bands with the 
result that, for example, band J partially obscures bands H and K. For 
the three bands, E, F and G, this broadening is accompanied by a general 
rise in absorption, which is probably due to an increase in the lower part 
of the D band as the temperature is raised. Such an effect of temperature 
is common to bands of continuous absorption (Fink and Goodeve 1937). 
Leermakers and Ramsperger (1932) found an increase in extinction 
coefficient with temperature for the region 22 , 000 - 24,600 i,e. in the 

lower part of band B. 

Disottssiok 

The interpretation of the spectrum of nitrosyl chloride requires a 
consideration of the possible dissociation products. Bailey and Cassie (1934) 
have calculated the heat of the reaction 

N(Xa->NO(W) + Cl(2P,) 


(I) 
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to be 38 kcal. ( 13,300 cm.“^), and estimated that of the reaction 

N 0 CI->NCl + 0 (II) 

to be 125 kcal. ( 44,000 The energy states of the chlorine atom are 

well known and except for the metastable state ®Pj (2*6 kcal. above the 
ground-level *Pj) there is no excited state below the (206 kcal.) (Kiess 
and de Bruin 1929). According to Jevons (1932, p. 288 ) the first excited 
state of NO, the *2^^, lies 126 kcal. ( 44,000 cm.“^) above the */ 7 . 

It is seen from these data that reaction I is possible over the whole of the 
spectrum investigated, but excited states of the products are excluded. 
Reaction II is jx)88ible for band A only. 

Bands A, B and D are of the shape associated with transitions to electronic 
levels in which there is a repulsive force between some parts of the molecule; 
the potential energy-distance curve has no minimum. As the N -0 distance 
in the product (M 46 A (Jevons 1932)) is almost exactly equal to the N -0 
distance in NOCI (M 4 A (Ketelaar and Palmer 1937)), the NOCl molecule 
can, for dissociations of type I, be considered to a good approximation as 
a diatomic molecule, (NO)-Cl. Furthermore, Bailey and Cassie (1934) have 
interpreted the infra-red 8[)eotrura on the basis that the fundamental 
frequency 633 cm.^^ corresponds to a vibration along the (NO)-Cl axis. 
Small sections of the potential energy curves corresponding to bands A, B 
and D have been calculated by the method used by Goodeve and Taylor 
(1935) this frequency and a reduced mass of 2-68 x 10“** g. These 

sections of the potential energy curves are plotted in fig. 4 , and it is seen 
that their extrapolation to a dissociation level corresponding to 

NO(»i 7 ) + Cl(*P) 

is a very reasonable one in view of the usual shapes of these curves (Fink 
and Goodeve 1937; Porret and Goodeve 1938). The values of the slopes of 
these curves for the region of the maximum of absorption (and therefore 
for a separation see fig. 4 ) are as follows: 

Band A B D 

Slope, cm.“VA - 7*7 x 10^ « 7-7 x 10^ - 2-36 x 10* 

Similar, but more approximate calculations, have been made assuming 
that band A leads to dissociation into 0 -f NCI (reaction II). It was not 
found possible, however, to extrapolate the calculated section of the 
potential energy curve to the energy level of these products without intro¬ 
ducing either a minimum at an unusually large separation or a discontin¬ 
uity in curvature. The available evidence therefore is in favour of primary 
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photodissociation for the three bands A, B and D, the products being 
normal NO and Cl. 

While the bands A, B and D can be attributed to transitions to three 
separate electron excited states the set of seven bands E to L in the visible 



Fio. 4. The energy of the various excited states of the NOCl molecule 
as a function of the (NO)-Cl distance* 

are too narrow to be interpreted in this way and more probably arise firom 
transitions to separate vibration levels in one electronic state* The existence 
of vibration means that the potential energy curve shows a minimum and 
that the excited molecule is stable even if for only a very short time* The 
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extinction ooefiioientei of these bands are abnormally low, indicating that 
the transition is partially ‘'prohibited'’ (i.e. it may involve a change of 
electron spin). 

The continuous nature of these bands may be attributed to predissocia^ 
tion in the usual way—the potential energy curve cutting a curve of the 
repulsion type. As is seen from fig. 3 , each band is approximately sym¬ 
metrical, that is there is no suggestion of a band head. In this way the 
spectrum differs from the predissociation spectra of other tri- or even 
tetra-atomic molecules such as SOg, NO,, C 10 „ NH,, SO,, CH2O etc. 
(Bailey and Cassie (1934) found for NOCl that “none of the infra-red bands 
showed any of the characteristics of normal resolution such as was obtained 
in COS, or in the even heavier molecule, 01,0 ”). Symmetrical bands are 
however found with some more complex molecules such as CH3ONO 
(Thompson and Purkis 1936), CH2Na (Kirkbride and Norrish 1933). The 
question arises, Do these bands of NOCl mean that primary photochemical 
decomposition takes place, or is it merely that with such an asymmetric 
molecule the multiplicity of rotation levels due to perturbations makes 
resolution impossible ? From the dimensions given by Ketelaar and Palmer 
(1937) the principal moment of inertia is 1-55 x 10 ®^ g.cm.* which would 
give a rotation level separation of M cm.^"^. This separation is unresolvable 
on the instrument used (capable of resolving 3 cm."”^) and when the other 
rotations are considered together with their perturbations the probability 
of achieving resolution with any instrument seems remote. In other words 
for molecules of this or higher degree of complexity, spectroscopic evidence 
is as yet of little value in deciding whether or not predissooiation (dissocia¬ 
tion in 10“^* to 10“-^® sec.) occurs. On the other hand, calculations of the 
upper potential energy curve for this band system indicate that an inter¬ 
section of this curve with one of a repulsion type does take place as shown 
in fig. 4 . On the whole it can be said that two of the conditions for pre- 
dissociation are fulfilled—unresolved bands and intersection of potential 
energy curves. 

An assignment of vibration quantum numbers is suggested by the 
following arguments. Bailey and Cassie found three fxmdamental fre¬ 
quencies, 1832 , 923 , 633 cm.'^^ respectively. From the Boltzmann distribu¬ 
tion we find that, at the highest temperatures used here, the number of 
molecules having one quantum of vibration even in the lowest of these 
fundamentals is small and we can therefore assume that the bands E to K 
arise from molecules in the zero levels. This conclusion is further substan¬ 
tiated by the fact that the intensities of the bands are practically inde¬ 
pendent of temperature (the change in extinction coefficient for the bands 
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E, F and G has been attributed above to an increase in the lower part of 
band B)» The six bands therefore represent six vibration levels in the 
excited state and it may be seen from the plate that they divide themselves 
into two sets which are very similar in appearance. These sets are separated 
by 1580 Gxnr^, while the bands in each set are separated by 380 
Bailey and Cassie have assigned the fundamental frequency, 1832 cm,“^ 
of the ground state, to a vibration, involving mainly a movement 
between the oxygen and nitrogen atoms, an assignment which is in 
harmony with the strength of this link and the frequency of the molecule 
NO, 1883 cm.(Snow, Rawlins and Rideal 1929 ). It seems reasonable 
therefore to assign the frequency 1680 to the same vibration in the 
excited state. 

A close examination of the microphotometer tracings disclosed the fact 
that for band J the slope of the extinction coefficient curve on the red side 
is about three-fifths of that on the blue side; in other words the band 
degrades towards the red. It appears that this would also be true for the 
other bands if it were possible to separate them completely from their 
neighbours. Degradation towards the red implies that the nuclear separa¬ 
tion is greater in the excited than in the ground state (see Jevons 1932 , 
p. 68 ). An increase in separation is invariably accompanied by a decrease 
in the fundamental frequency, and we therefore expect to find in the 
excited state a frequency less than 633 cm.~^ associated with the (NO)-Cl 
vibration. It is suggested that this frequency is the 380 found as an 
interval in the bands E to K. The tentative assignment is shown in Table III. 

Table III 



w; = 1832 

wj = 633 

w; = 1580 

^ = 380 

Frequency of 

Barxd 

< 



vi 

Band 

Interval 

E 

0 

0 

1 

2 

18570 

>370 

>380 

F 

0 

0 

1 

1 

18200^-. 

0 

0 

0 

1 

0 

17820 1 
1580 

H 

0 

0 

0 

2 

17010 1 

>390 

>380 

>690140 

J 

0 

0 

0 

1 

16620. J 

K 

0 

0 

0 

0 

16240 

oriflrtn 

b 

0 

1 

0 

0 

15550 

(± 40 ) 


The assignment of band L depends upon the validity of the other 
assignments but is in agreement with its low extinction coefficient and its 
interval from band K. 
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This assignment makes possible a rough calculation of the upper potential 
energy curves corresponding to these bands as shown for bands H, J and 
K in fig. 4. The displacement of the minimum from that of the ground 
state, has been calculated by means of Badger’s Rule ( 1935 ) written 

in the form 



where 0 is a constant given by Badger’s table and equal to 0*635 and k' 
and k'" the force constants of the excited and ground states respectively. 
It may be seen from the figure that this potential energy curve of the NOCl 
molecule cannot arise from unexcited NO and Cl. On the other hand if it 
should arise from states involving excitation to any known level of either 
of these products, one would expect, from the resultant high heat of 
formation, very strong binding and an increase rather than a decrease in 
the fundamental frequency. Reversing the argument, as the dissociation 
energy of a bond is generally proportional to the force constant and thus 
to the square of the frequency (see for example Fox and Martin 1938 ), we 
can deduce that the heat of dissociation of NOCl in its excited state is of 
the order of magnitude of 13,800 cal. (4860 cm.“'*). This must mean that 
there exists a hitherto unknown excited state for either the NO molecule or 
the Cl atom. As the analysis of the spectrum of Cl appears Uy be complete, 
it seems likely that the unknown level belongs to NO and lies at a fre¬ 
quency of about 8000 cm.~^. (The lowest level of NO, a W level, has 
not been observed but Mulliken { 1932 ) predicted that it lies at about 
36,000 cm.“^.) The potential energy curve for bands E, F and G is identical 
to that shown except that it is displaced upwards by a distance 1680 
The intensities of the bands F and J are greater than the others of each 
trio, and from the assignment in Table III it follows that transitions 
= 0 “>V 3 = 1 are the most probable. This is in qualitative agreement with 
what is to be expected from an application of the Franck-Condon Principle 
to the curves in fig. 4, It is not, however, to be expected that Badger’s 
Rule should give an accurate value of r'. 

Band C is separated from band D by 1670 cm.”^ an interval which may 
well be the frequency of the N-0 vibration for the excited state corre¬ 
sponding to the D band. Hence absorption of light in band C probably 
leads to dissociation into Cl plus NO with one quantum of vibration. 
Transitions to higher vibration levels would be masked by band B. Bands 
A and B might also be double but each part would be too broad for isolation 
to be possible. Band A may arise from the new excited state of NO 
predicted as a result of the analysis of the bands E tp L. 
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them (S. K.) wishes to express his thanks to the Royal Society of Canada 
for a Fellowship under which this work was carried out. 


SlTMMARY 

The extinction coefficient curve of nitrosyl chloride has been measured 
in the visible and ultra-violet and eleven bands have been observed. Four 
of these in the ultra-violet and blue have been attributed to transitions 
to upper potential energy curves of the repulsion type. The remaining 
bands in the green and yellow are of the type found for transitions to 
vibration levels in a stable or partly stable excited state. This excited state 
appears to arise from a hitherto unknown level of the NO molecule. These 
latter bands showed no fine structure and were nearly syinmetricaL A 
tentative assignment which is in accordance with all the observations, 
including studies of the effect of temperature, has been put forward. 
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The photosynthesis of carbohydrates from 
hydrated carbon dioxid^ 

By E. a C. Baly, F.R.S. 

{Received 12 May 1939) 

Introduction. The earubb bxpebimen?&' 

In a previous communication ( 1927 ) it was shown that when suspensions 
of nickel or cobalt carbonate in water, saturated with carbon dioxide, were 
irradiated with white light organic compounds were photosynthesized. 
These compounds gave the Molisch and Bubner reactions, reduced Bene¬ 
dict’s solution and gave a solid osazone, and hence it was concluded that 
they were carbohydrates. 

The two carbonates used in this investigation were specimens of 1 kg. 
each which for many years had been kept in the museum of the Liverpool 
University Chemical Department. 


Evidence of photosynthesis obtained with hydrated nickel 

CARBONATE PREPARED BY THE BLECTROLYTIO METHOD 

In a further communication ( 1929 ) a method was described of preparing 
nickel carbonate by the electrolysis in a glass cell of a solution of carbon 
dioxide in conductivity water with electrodes of pure nickel. 

The powder was activated by spreading 60 g. in a thin layer over a ^ass 
plate with an area of about 5 sq. ft. On this glass plate was placed a light 
wooden frame about 2 in. deep, and a second glass plate rested thereon 
to pppteot the hydrated carbonate from dust. The powder was then 
irrM^ted for 18 far. on both sides by three 100 W lamps placed above and 
below the apparatus. Immediately after this treatment the powder was 
suspended in 1400 ml, of conductivity water in a rectangular glass cell 
and irradiated on each side by a 100 W lamp for 2 hr,, carbon dioxide 
being passed through the suspension. 

More than 1000 g. of the hydrated nickel carbonate were thus prepared; 
no yariation whatever was found in its proijerties, and convincing evidence 
WM obtained that carbohydrates of the nature of reducing sugars were 
phbtoc^thesized by this method. 

: {4 September 1939 ) [ 446 ] *9 
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Failure to rbrrat the bbsxtlts 

Several attempts were mad© to repeat this M^ork by other investigators, 
notably by Bell ( 1931 ), and in no case was any evidence of photosynthesis 
obtained. These consistently negative results necessitated a re*examination 
of the abbve method at Liverpool, and despite many trials complete failure 
to repeat the original results ^yas experienced. It was, however, noted 
that the hydrated nickel carbonate prepared by the electrolytic method 
in this second investigation was very different irj its properties from that 
prepared in 1929. Whereas the first product was granular, becoming 
friable on dr 5 ring, and contained no alkali, the second product was flocculent 
and on drying formed hard masses which were very difficult to pulverize 
and contained adsorbed alkali. 

These negative results were at the time both disappointing and in¬ 
comprehensible. A possible explanation of the successful results obtained 
in 1929 and the subsequent failures is that by chance the electrolytic 
cell used in the first investigation was mode of a glass having an unusually 
small solubility in water. This cell was unfortunately broken, and in the 
second investigation the electrolytic cell used was made of a glass having 
the usual solubility. 

It may be noted that alkali adsorbed on niolcel carbonate cannot be 
removed by washing with distilled water. In order to test the material 
for the presence of alkali it is necessary to heat it at 260'^ in a porcelain 
dish with constant stirring until the evolution of carbon dioxide and water 
vapour has ceased. The black product readily yields previously adsorbed 
.alkali on treatment with distilled water. 

In view of the contradictory results obtained by myself and other 
investigators, it was obviously necessary to determine whether nickel car¬ 
bonate capable of promoting photosynthesis could be prepared by pre¬ 
cipitation methods. A long investigation was carried out in which the 
concentrations of the two reactants, nickel nitrate and potassium hydrogen 
carbonate, and the temperature were varied, but no satisfactory method 
was found. Many hundred preparations were made and each of these was 
proved to be photosynthetically inactive and to contain considerable 
amounts of adsorbed alkali. 

The use of thorium oxide as promoter 

In view of the probability that in the cases in which satisfactory evidence 
of photosynthesis was obtained the nickel carbonate acted os a photo- 
catalyst, it was decided to examine the effect of the addition of small 
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quantities of thorium oxide which is known to act as a promoter when 
present in certain heterogeneous catalysts. Preparations were made of 
nickel carbonate containing various amounts of thorium oxide. The surface 
potential of each of these preparations was determined by the method of 
oataphoresis and it was found that the surface potential was a periodic 
function of the thorium oxide content. It was also found that maximum 
values of the surface potential were obtained when the molecular ratio 
of thorium was iThOg : 24 x 3, 5, 7, etc., NiO. 


EvIDKKOB of photosynthesis VriTH NICKEL CAEBONATE 
CONTAINING THOKItJM OXIDE 

Now it had previously been found that the surface potential of the nickel 
carbonate prepared by the electrolytic method in 1929 was considerably 
smaller than that of the preparations which were made by the same method 
in the second investigation and found to give no evidence of photosynthesis. 
This fact suggested the ]> 08 sibility that the photosynthetic activity of 
nickel carbonate may be in some way connected with its surface potential. 
It was decided, therefore, to determine whether the presence of thorium 
oxide in the molecular ratio of iThOg: 24NiO would render nickel car¬ 
bonate photosynthetically active. Preparations of this material were made 
and after being ground to a fine powder were pre-irradiated in the manner 
described above and then immediately irradiated in suspension in water 
saturated with carbon dioxide. Some evidence was obtained of the photo¬ 
synthesis of organic matter and this w as encouraging in view of the failures 
which had been experienced. 


The pbbparation of a layer of niokel oxide, containing 

THORIUM OXIDE, ADSORBED ON KIESELGITHR 

As the result of a protracted investigation it was found that a photo¬ 
synthetically active material can be obtained by the ad8oq)tion of nickel 
oxide, containing thorium oxide in the molecular ratio of iThOg: 24NiO, 
on pure kieselguhr. It had been found by Mr W. P, Pepiier in my labora¬ 
tories that the hydrous oxides of aluminium, thorium, nickel and cobalt 
are readily adsorbed on kieselguhr. As was stated by us in 1935, the 
adsorption of alumina is restricted to a unimolecular layer and it was 
later found that the same is true of thorium oxide. With nickel and cobalt 
oxides a trimoiecular layer is adsorbed, and in the case of nickel many 
difficulties had to be overcome before a satisfactory product was obtained. 

29:1 
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The method which wa« hnaily adopted for ooatixig the Ideedlgiihr'with 
NiO oontaming ThOg in the moleoular ratio of lThO(: 24NiD may be 
given in exact detail. It is important at the outset to note that the 
quantities given refer only to the “ Superfloss ” brmid of kieselguhr supplied 
by the Johns-Manville Company, and that the details of the method must 
be rigidly adhered to in order to obtain successful results. 

The kieselguhr when purchased contained a small quantity of clay and 
organic matter which was removed by the following treatment. About 
6 kg. of the kieselguhr were heated in a large enamelled iron basin with 
16 1. of 4 n hydrochloric acid for about 6 hr. The mixture was kept in 
gentle ebullition and frequently stirred. During this treatment small 
quantities of a dark oOy material separated and floated on the surface 
and this was removed as far as possible by means of filter paper. Fresh 
acid was added from time to time in order to make good the loss by 
evaporation. When the separation of the oily material had ceased, the mix¬ 
ture was filtered, about one-third at a time, by suction on a large Buchner 
funnel and washed on the funnel with water until the filtrate was colourless. 

It is essential here to draw attention to the remarkable power of the 
Meselguhr to retain water. Even when no further water can be removed 
by suction from the bed of the kieselguhr on the funnel, the material still 
contains enough water to cause it to flow when removed from the funnel. 
It is necessary to disconnect the filter flask from the suction pump and 
gently to tap the bed of kieselguhr all over its surface with a large flat 
glass stopper. This causes the kieselguhr particles to form a more compact 
mass with the result that the whole becomes semifluid. The separated water 
is then removed by suction and the process repeated until no more water 
can be extracted. 

The kieselguhr was then again extracted in quantities of about 300 g. 
at a time with boiling 4 k HCl, this process being repeated until the acid 
extract gave no reaction for ferric iron with ammonium thiocyanate. 
Usually two such extractions were found to be sufficient. The kieselguhr 
was then washed until it was completely free from acid, the following 
treatment being found to be necessary. The kieselguhr after being washed 
on the fiumel with 61. of distilled water was divided into two approximately 
equal portions. One portion at a time was completely disintegrated by 
vigorous stirring in 7 1. of distilled water, and steam at 16 lb. pressure was 
blown in until the mixture boiled, after which the suspension was im* 
mediately filtered. This treatment was repeated until the filtrate was 
neutral to B.D.H. indicator and when this end had been achieved tibe 
kieselguhr was dried at 125°. 



It mii$t be remembered that kieselgubr coneieta of particles of different 
sizes with widely different sedimentation rates. In order to maintain 
homogeneity, therefore, it is essential that the sedimentation of any sus¬ 
pension be prevented and especially is this necessary with hot suspensions. 
In the washing process described above, the suspension after being brought 
to boiling point was continuously stirred and transferred to the Buchner 
funnel by means of a ladle. 

Despite the foregoing treatment, the kieselguhr was found still to contain 
a small quantity of organic matter and this was removed by heating the 
finely disintegrated material at 600® in a current of air. This disintegration 
presented a problem of some difficulty. When small lumps of the material 
were crushed to powder by means of a spatula on a sheet of glazed paper, 
small laminae were formed which could not be disintegrated and these 
reduced the effective surface area of the kieselguhr. This difficulty was 
overcome by gently shaking small lumps of the kieselguhr in a tin-plate 
tube 30 in. long and 3 in. wide, which was provided with a tightly fitting 
lid at each end. 

The finely disintegrated material was heated in a transparent vitreosil 
tube which was 4 ft. long and 3 in. wide. A glass-wool plug was placed 
at a distance of 1 ft. from one end of this tube and sufficient of the dis¬ 
integrated kieselguhr was run into the tube to form a loosely packed column 
16 in. long, and then a second glass-wool plug was placed at a distance 
of 2 ft. from the first plug. It was found undesirable that the kieselguhr, 
when distributed evenly between the two plugs, should fill more than 
two-thirds of the diameter of the vitreosil tube. The central portion of 
the tube containing the kieselguhr was heated at 600® for 8 hr. in an 
electric resistance furnace, a current of dry filtered air being passed con¬ 
tinuously through it. At frequent intervals the tube was slowly rotated 
through several complete revolutions. The purified kieselguhr was proved 
to be free from organic matter, firstly by the fact that no volatile matter 
was obtained when it was heated at 600® under a pressure of 0*0004 mm., 
and secondly, by the fact that no carbon dioxide was obtained when 
it was heated in a current of CO^-free air. 

The method of coating the kieselguhr is based on certain facts which 
were established during the investigation. In the first place it is not 
possible to suspend the kieselguhr in a solution of nickel nitrate containing 
I4ie requisite amount of thorium nitrate, because at the great dilution 
necessary the latter salt is almost complet^y hydrolysed with the result 
tb^ the ThOj is at once adsorbed by the kieselguhr. It is, therefore, 
neoeswuy to add a very dilute solution of the requisite amounts of potassium 
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bicarbonate and thorium nitrate to a boiling suapeudon of the kieselguhr 
'in a very dilute nickel nitrate solution and to maintain the concentration 
of nickel in that solution constant. In the second place it was found that 
the alkaline thorium solutions are stable, provided that they are freshly 
prepared from a concentrated solution of thorium nitrate, containing free 
nitric acid, and that the surface of the containing vessels has been cleaned 
with strong nitric acid and washed free from acid with distilled water. 

A concentrated solution of thorium nitrate was prepared by dissolving 
the commercially pure salt in water, adding 20 ml. of concentrated nitric 
acid and then sufficient water to make the volume up to 250 ml. This 
solution on analysis was found to be 0*40834 m with respect to Th ions 
and 2*9091 n with respect to H ions. This procedure was rendered necessary 
by the uncertainty as to the composition of the commercially pure 
salt. 

An exactly 0*1 m solution of pure nickel nitrate and an exactly 0*2 m 
solution of Merck’s pure crystallized potassium bicarbonate were also pre¬ 
pared. It is essential that the alkali solution be stored in a quartz flask, 
because it was proved that when the solution was allowed to remain in 
contact with any glass surface sufficient silica was soon dissolved to render 
the adsorbed layer of nickel and thorium oxides useless. 

Two solutions were prepared, each by diluting 14*00 ml. of the 0*1 m 
nickel nitrate to 2000 ml. Exactly 10 g. of the purified kieselguhr were 
deflocculated in 100 ml. of one of these solutions by means of a serrated 
disk electrically driven at 1500 rev./min. The kieselguhr suspension was 
transferred to a 41, enamelled iron saucepan which rested on a powerful gas 
ring burner and the remaining 1900 ml. of the nickel solution were added. 
An electrically driven stirrer was then placed in position so that its blades 
almost touched the bottom and one side of the saucepan, this position 
being adopted in order to guard against the formation of a central vortex 
in the solution. The blades of the stirrer were 1J in. long and the sp^ 
was 240 rev./min., the direction of rotation being such as to drive the 
susijension downwards. 

Two 250 ml. burettes of the design shown in fig. 1 were placed in position 
so that the ends of their capillary delivery tubes were just above the blades 
of the stirrer, one on each side of its central axis. The object of the biilb 
and jet immediately below the stopcock of each burette was to enable 
the rate of flow of the contents to be observed and controlled. The stirrer 
was then started and the kieselguhr suspension in the nickel nitrate soluticm 
was heated and boiled vigorously for 10 min. in order completely to 
de-aerate it. 
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Bmix^ ttwMse proceedings 0-07143 ml. of the thorium nitrate solution 
was meastured out as accurately as possible by means of a micro-burette 
and diluted with water up to 500 ml., and 8-04 ml. of the 0-2 k potassium 
bicarbonate solution were also diluted to 500 ml. and these two solutions 
were mixed. This mixed solution contained one-half of the total amounts 
of thorium nitrate and potassium bicarbonate required. One of the two 
burettes wets filled with this alkaline thorium 
solution and the other was filled with the second 
dilute nickel nitrate solution. These two solutions 
were added to the vigorously boiling suspension of 
kieselguhr at the same rate of 4 drops a second 
from the jets just below the stopcocks of the 
burettes. It was of course necessary from time to 
time to add boiling water in order to maintain the 
volume of the suspension approximately constant. 

This water hewi previously been boiled for some 
time in pyrex flasks in order cjompletely to de¬ 
aerate it. Shortly before the first half of the alkaline 
thorium solution had been added to the boiling 
suspension, the second half was prepared as above 
and added to that remaining in the burette. 

When the whole of the alkaline thorium and 
nickel solutions had been added, an operation 
which took about 3 hr,, the susjwnsion was boiled ^ 
for a further 16 min. The coated kieselguhr was 
then collected on a 4in. Buchner funnel and washed 
with 11. of distilled water. During the washing the 
coated kieselguhr tended to turn grey-black on the 
surface and this phenomenon proved to be of great 
indicative value, since the darkening was very ^ 
pronounced with preparations which gave evidence 
of photosynthesis when subsequently irradiated. The washed product was 
immediately transferred to an electrically heated oven and allowed to dry 
overnight at 60®. 

Before the method of irradiating these preparations is described two 
points of interest may be mentioned. In the first place it was found that 
no evidence of photosynthesis was obtained with any of the preparations 
which were brought out of the drying oven into daylight and this was 
proved to be due to poisoning of the surface as will subsequently be 
explained. In the second place the total quantity of nickel and thorium 
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adsorbed on a given weight of kieselguhr was knowu and the amount of 
adsorbed water was determined by the following methods A weighed 
quantity of the coated kieaelguhr, after drying at 120 ® imder reduced 
pressure, at which temperature hydrated nickel carbonate is stable, was 
heated under reduced pressure at 250-300® and the water evolved was 
collected in a weighed tube containing phosphoric oxide* The weight of 
water collected was equivalent to one-third of the nickel present expi^ssed 
as NiO. It would seem that the only possible explanation of this is that 
the substance adsorbed by the kieselguhr is NiO containing ThO^ in the 
molecular ratio of iThO^ : 24NiO and that this adsorbate after drying at 
120 ® is coated with a unimoleoular layer of water. 


The irbadiation of the supported NiO ooNTAimNO ThO^ 

The irradiation of the kieselguhr preparations was carried out as follows. 
About 1400 ml. of a saturated solution of carbon dioxide in de-aerated 
distilled water were prepared in the glass irradiation vessel, the approximate 
dimensions of which were 8*5 x 5*5x2 in., and this was taken into the 
dark room. The coated kieselguhr was removed from the oven and added 
to the solution in complete darkness. Since the NiO and ThOg surface 
became immediately coated with adsorbed hydrated carbon dioxide in 
the presence of excess of solution, the suspension then could be brought 
into the light without danger of poisoning. The suspension, after being 
dispersed by an electrically driven stirrer, was irradiated for 2 hr. by Wo 
250 W lamps, one being placed at a distance of 20 in. from each side of 
the vessel. The vessel rested on an electrically heated mat and the tem¬ 
perature was maintained at 28-30°, it having been proved ( 1929 ) that the 
rate of photosynthesis increases up to 31° anci rapidly decreases when the 
temperature exceeds 31°. During the irradiation the suspension was stirred 
at intervals and after 2 hr. it was filtered and the filtrate examined 
immediately. 


The evidence of photosynthesis 

First of all the presence of Ni ions was tested for with dimethylglyoxime 
and in general the amount present was less than the limit of this test. 
This test is important because it was found that when a visible precipitate 
of nickeldimethylglyoxime was formed the coated kieselguhr was not satis* 
factory. 

When a small quantity of the filtrate was acidified with hydrochloric 
acid, no evidence of the hydrolysis of the product of photosynthesis could 
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be obtained. When, however, a small quantity of the filtrate was saturated 
with sulphur dioxide and allowed to remain for 10 min., a definite Molisch 
reaction was obtained indicating the formation of a carbohydrate. As 
will subsequently be shown the concentration of this product was very 
small and it is probable that the failure to obtain any evidence of hydrolysis 
by hydtochloric acid was due to oxidation of the product of hydrolysis 
by dissolved oxygen. This oxidation would be prevented when sulphur 
dioxide is used, since the dissolved oxygen reacts at once to give sulphuric 
acid. The presence of dissolved oxygen was proved by the immediate forma¬ 
tion of sulphuric acid when the solution was treated with sulphur dioxide. 

If the filtrate from the irradiation were allowed to remain for 2 hr. at 
room temperature or if it were heated at (50"^, it no longer gave the Molisch 
reaction after saturation with sulphur dioxide. This interesting fact was 
conclusively established by a great number of observations and it definitely 
proves that the first product of photosynthesis is an unstable substance 
which changes into a second substance, this change being slow at room 
temperature and more rapid at higher temi)eratures. 

In the first series of irradiations of 10 g. of the supported NiO containing 
Th 02 the filtrate was concentrated in a pyrex flask under reduced pressure 
on a steam bath, and when the volume had been reduced to about one-third 
a small quantity of a finely divided white solid began to separate. After 
further concentration this solid substance was collected on a Gooch crucible 
and dried at 00®. The dry substance had a greenish tinge owing to the 
presence of a trace of nickel and w^as proved to contain organic matter by 
the fact that it rapidly charred when treated with warm concentrated 
sulphuric acid. 

As the result of the irradiation of several lots of 10 g. of the supported 
NiO containing Th02, about 0*03 g. of tliis product was collected. It was 
apparently unaffected by acid and a micro-combustion gave only minute 
quantities of water and carbon dioxide. It consisted of a white substance, 
part of which was organic, contaminated with traces of nickel. In view 
of the fact that in the leaves of the dicotyledonous plants '‘temporary’’ 
starch is formed as the result of photosynthesis, it occurred to me that the 
white organic product of photosynthesis obtained by the irradiation of 
the supported NiO containing ThO^ might l>e a type of starch. 

In order to test this a portion of the greenish-white solid was suspended 
in very dilute acid, a little pure taka-diastase was added and the mixture 
allows to remain for 2 hr. at 37°. After filtration, the mixture was boiled 
with Fehling solution and reduction took place, a small quantity of cuprous 
oxide being obtained. A blank ex|)eriment was then carried out in which 
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a solution of the taka-diastase of the same ooncentration was boiled idth 
Fehling solution and in this case no reduction was obtained* This hydrolysis 
of the second complex carbohydrate to a reducing sugar by means of 
taka-diastase was confirmed several times. 

Now the one observation which was difficult to understand was the 
failure to oxidize more than a very small fraction of the complex ^product 
of photosynthesis when the greenish-white solid was submitted to micro¬ 
combustion. A further quantity of 10 g. of the coated kieselguhr was 
irradiated and the filtrate was concentrated in a pyrex flask under reduced 
pressure on a steam bath until the greenish white solid commenced to 
separate. At this stage the liquid was tested with B.D.H. indicator and 
found to be alkaline. It was proved by experiment that this alkalinity 
was sufficient to dissolve a little silica from the walls of the pyrex flask 
and that this hydrated silica was brought down with the greenish white 
solid and prevented it from being more than superficially oxidized during 
micro-combustion. It thus became evident that the method of concentrating 
the filtrate from the irradiations had to be modified. 


Second series of irradiations of the supported NiO 

CONTAINING ThOg AND EVIDENCE OF PHOTOSYNTHESIS 

A second series of irradiations of 10 g. of the supported NiO containing 
ThOg was then carried out and in each case the filtrate, after the dimethyl- 
glyoxime test had established the presence of only minute quantities of 
nickel, was made neutral or only just acid by means of very dilute hydro¬ 
chloric acid. Owing to the fact that the solution was itself acid, due to 
the dissolved carbon dioxide, its neutralization necessitated great care. 
The neutral or very slightly acid solution was evaporated to dryness in 
a pyrex flask under reduced pressure on a steam bath. No solid matter 
separated during the concentration and there was finally left a thin film 
of a colloidal substance which had a yellow tinge owing to the presence 
of traces of anhydrous nickel chloride. This film was dissolved in a little 
water and transferred together with the washings of the pyrex flask to 
a 50 ml. flask. After the addition of 2 ml. of acetate buffer solution and 
2 ml. of taka-diastase solution, water was added to make the total volume 
up to 50 ml. The flask was then allowed to remain for 2 hr* in an oven at 
37“, after which the solution was boiled under standard conditions ( 1906 ) 
with 50 ml. of Fehling solution. Reduction took place and 0^007 g. of 
cuprous oxide was obtained* 
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Th£s result was confirmed many times, but it was remarkable that the 
amount of cuprous oxide obtained did not appreciably vary. Increasing 
the time of irradiation had no eflFeot, the amount of cuprous oxide obtained 
remaining practically constant at 0*007 g. It became evident, therefore, 
that the amount of photosynthesized starch in solution in no case exceeded 
a definite concentration and that this concentration must be limited by 
some unknown factor coming into play. 

Irradiation of a stationary lay kr of the 
SUPPORTED NiO CONTAINING ThOg 

In order to investigate this phenomenon a stationary layer of about 
30 g. of the coated kieselguhr was irradiated in a large flat photographic 



dish whilst a slow stream of water, saturated with carbon dioxide, flowed 
Over it. The apparatus used is shown in fig. 2. The irradiation dish A 
rested on a levelling table not shown in the diagram and placed near 
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a large window. The diah was covered by a plate*glass lid in which had 
been drilled three holes in a straight line, one in the centre and one near 
each end. In each of these holes was fixed by means of a rubber cork 
a short length of glass tubing. The tube B was sealed at its lower end to 
the centre of a glass tube f in. in diameter, closed at each end. This glass 
tube extended the whole width of the dish and was provided with a series 
of small jets along its left-hand side in the diagram. The tube D was also 
sealed to the centre of a | in. tube, sealed at each end, which extended the 
whole width of the dish and was provided with a series of small holes 
along its left-hand side. The plate-glass lid with its attachments could, 
therefore, be removed and replaced whenever it was necessary. E was 
a constant level apparatus which was later joined by means of rubber 
tubing to the tube D. 

F was a 10 i. aspirator bottle which rested on a shelf 4 ft. above the 
dish. In the neck of the aspirator was fitted a rubber cork through which 
passed three glass tubes. The tube O was attached to a cylinder containing 
liquid carbon dioxide guaranteed to have been prepared from limestone. 
The central tube with its funnel and stopcock enabled the aspiiutor to 
be filled with liquid, whilst the tube I served to conduct the carbon 
dioxide into the porcelain dish. 

The aspirator bottle F having been filled with distilled water saturated 
with carbon dioxide, a suspension of 30 g. of the supported NiO containing 
ThOg in 1500 ml. of water saturated with carbon dioxide was prepared as 
described above and poured into the dish. The plate-glass lid was then 
placed in position and the three connexions as shown in the diagram were 
made by short lengths of rubber tubing. The plate-glass lid was then 
covered by black velvet and the whole was allowed to remain for 3 hr. 
in order that the coated kieselguhr might settle out and form a compact 
layer. 

Owing to the presence of very fine particles the supernatant liquid in 
the dish remained cloudy for a very long period and it was necessary to 
remove this. The stopcock of the aspirator was opened, when the water 
saturated with carbon dioxide was forced out through the jets on the tube 
attached to J?, The jets of solution impinged on the side wall of the dish 
with the result that a slow and evenly distributed stream of water flowed 
over the layer of the supported oxides, the rate of flow being 11. in about 
13 min. It was of course necessary to fill the aspirator at intervals with 
water which bad been saturated with carbon dioxide from a second cylinder 
of the liquid gas. During this operation the overflow from the constaut 
level apparatus E was allowed to run to waste. 
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When the overflow from the dish had become perfectly clear and firee 
from suspended particles, the aspirator was filled with water saturated 
with carbon dioxide, the black velvet covering was removed from the 
plate-glass lid and the overflow was collected in a flask and returned to 
the aspirator. 


EviDlfiNOE OF POISONING OF THE SUPPORTED NiO CONTAINING ThOj 

Almost immediately after the irradiation was commenced, evidence was 
obtained of the formation of the first prodtict of photosynthesis which 
gives the Molisch reaction after it has been hydrolysed by sulphurous acid. 
The concentration of this product in the solution steadily increased during 
the first few hours of the irradiation and then quite suddenly the concentra¬ 
tion began rapidly to decrease until no evidence whatever of the presence 
of this first product or of the starch could be obtained. 

In view of the fact that the first product of photosynthesis slowly changes 
at room temperature to the second product, the only possible explanation 
of these observations would seem to be that the second product is adsorbed 
on the NiO and ThOj surface, the surface thereby becoming completely 
poisoned. This explanation was supported by the fact that when the 
irradiated powder was treated with the minimum volume of 3 n NCI, the 
filtrate gave a very definite Molisch reaction. This observation was con¬ 
firmed several times. 

This poisoning of the NiO and ThOg surface is quite in accord with the 
observation, previously recorded, that the preparations of kieselguhr coated 
with NiO containing ThOg become poisoned if they are brought out of 
the drying oven into daylight. It is known that when in the oven they 
are coated with an adsorbed layer of hydrated carbon dioxide which is 
only desorbed at 260-300'^. In the absence of licjuid water this adsorbed 
layer appears to be changed at once by the action of light into an adsorbed 
layer of the second product of photosynthesis. 

The evidence obtained of the poisoning of the NiO and ThOg surface 
by the product of its irradiation indicates that, in order to obtain a reason¬ 
able quantity of the starch, it would be necessary to irradiate a stationary 
layer of the supported NiO containing ThOg with a continuous flow over 
it of a freshly prepared saturated solution of carbon dioxide. This would 
involve the use of 35-40 1. of this solution a day and, since no apparatus 
was at that time availaUe for the rapid concentration of such large volumes 
of liquid, it was not found possible to carry out this method before my 
retii^ment from Liverpool. 
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Pbepaeation of uKstrppoKTKD NiO ooinrAiKtKa ThO^ 

Confirmation of the photosynthesis of the starch compound was later 
obtained by the irradiation of unsupported nickel and thorium oxides in 
the molecular ratio of iThOa: 24NiO. The mixed oxides were prepared 
from the hydrated carbonate i)recipitated by the gradual addition of rather 
less than the equivalent quantity of potassium hydrogen carbonate in 
ar/0*25 solution, to a solution which was m/5 with respect to nickel nitrate 
and m/120 with respect to thorium nitrate, the method being devised by 
my son Mr E. J. Baly and Mr J. W. Ireland. 

When the potassium hydrogen carbonate solution is added to the solution 
of the two nitrates the first reaction which takes place is the neutralization 
of the free nitric acid produced by the hydrolysis of the thorium nitrate. 
Owing to the small concentration, no hydrated thorium oxide separates 
when the solution is completely neutralized. After this neutralization the 
following reaction takes place on the further addition of the potassium 
hydrogen carbonate solution, 

Ni(N 03 )g + 2 KHCO 3 * Ni(HC 03)3 + 2 KNO 3 , 

and this proceeds until the solution becomes saturated with respect to 
nickel bicarbonate. On the further addition of the KHCO5 solution hydrated 
nickel carbonate containing ThOg separates with the evolution of carbon 
dioxide. 

Tw^o gram-molecular weights or 581*6 g. of pure nickel nitrate crystals 
were dissolved in 4 1. of distilled wat-er. To the filtered solution was added 
a volume of thorium nitrate solution containing one-twelfth of a gram- 
molecular weight or 22*010 g. of ThOa and the mixture was diluted to 
"10 1. 400 g. of Merck’s pure potassium bicarbonate crystals were dissolved 
in distilled water and the solution, after filtration, was diluted to 10 L 
The alkaline solution was added from burettes to the nickel and thorium 
solution which was vigorously stirred by means of two serrated disks 
electrically driven at 1500 rev./min. 

The precipitated material was, collected on a large Buchner funnel, 
washed with distilled water and then disintegrated by vigorous stirring 
in 9 L of cold distilled Avater. After filtration the product was again 
disintegrated in distilled water and again collected on a Buchner funneh 
Finally the product was disintegrated in 61. of distilled water> and steam 
at 16 lb. pressure was passed in until the suspension boiled and then the 
product was collected and dried at 100 °. It is to be noted that during the 
treatment with steam some carbon dioxide was evolved and the colour 
of the product changed from pale green to a pure emerald green. 
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The i^team at 15 lb. preamure was that used for the laboratory supply of 
distilled water. The steam was supplied at 40 lb. pressure from boilers 
through over 100 yd. of pipes and the pressure was adjusted to 15 lb. 
by reducing valves. Distilled water raised to 100 ° by passing in the steam 
and then cooled contained no organic matter soluble in ether. 

The reasons for the adoption of the above method of precipitation may 
be explained. In the first place 400 g. of KHCOj M ere used in place of the 
theoretical quantity of 433»81 g. because it was believed that the danger 
of the presence of adsorbed alkali would be minimized by the presence of 
excess of nickel nitrate. As previously stated all the photosynthetically 
inactive preparations of hydrated nickel carbonate made by the electrolytic 
method were found to contain adsorbed alkali. In the second place it was 
found essential that the precipitation of the hydi’ated nickel carbonate 
containing thorium oxide be carried out at room temi)erature. Owing to 
the solubility of nickel bicarbonate and to some loss due to dissolution 
during the first M^ashings of the precipitated material the yield of the final 
product was only about 70 % of that calculated. 



It was shown in a previous communication ( 1936 ) that when hydrated 
nickel carbonate is heated in air it is converted into crystal units of NiO 
which are superficially coated Muth NigO^. Furthermore, it w^as found that 
if the caj*bonate is heated under as low a pressure as possible and air is 
admitted after cooling to room ternjjerature the NiO turns black owing 
to the formation of the superficial layer of NigOj. It was necessary, there¬ 
fore, in order to prepare a product uncontaminated >vith NigOg, to heat 
the hydrated nickel carbonate containing thorium oxide under as Ioav 
a pressure as possible and, after cooling to room temperature, to admit 
Mater saturated with carbon dioxide. 

About 100 g. of the hydrated carbonate containing ThOg were heated 
in the apparatus shown in fig, 3. The vessel A was made of transparent 
fused quartz and was supported inside the vitreosil tube B of an electric 
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resistance furnace at one end by the vitreosU reel C and by glass wool packing 
at the other end. The central portion of the vessel A was 16 in* long and 
3 in* wide, whilst the narrow portion was 1| in. wide. At the end of this 
narrow portion was an accurately ground quartz to glass joint iff, and at F 
a long thin-walled capillary tube was internally sealed which projected well 
into the quartz vessel. The tube F was drawn out as shown to a fine capillary 
/ which was bent at a right angle and sealed at the end. Connexion with 
a Hyvac pump was made through the stopcock G and the ground glass 
joint H. The temperature inside the resistance furnace was measured by 
a thermo-jxmction and galvanometer. 

Owing to the fact that the adsorbed water is desorbed very rapidtty when 
the hydrated carbonate is first heated, the following procedure was adopted. 
A gloss tube containing anhydrous calcium chloride was sealed to the plug 
of the ground glass joint H and connexion was made to the Hyvac pump 
through a second glass tube containing phosphoric oxide. The quartz vessel 
and the connecting tubes were first evacuated to the lowest pressure 
attainable and then the temperature of the quartz vessel was slowly raised 
to 260®. Some liquid water soon condensed in the tubes connecting the 
quartz vessel with the tube containing calcium chloride and when this 
had been completely evaporated the stopcock 0 was closed and a tube 
containing phosphoric oxide was substituted for the tube containing calcium 
chloride. The two tubes containing phosphoric oxide were then completely 
evacuated, after which the stopcock O was again opened. 

The temperature was then raised to 300® at which it was maintained 
constant and the evacuation continued until the pressure measured by 
means of a McLeod gauge was reduced to 0-001 mm. This operation lasted 
6 hr., after which the stopcock O was closed, the heating was discontinued 
and the whole apparatus allowed to remain overnight. On the following 
morning the ground glass joint H was opened and the quartz vessel with 
its attachments removed from the resistance furnace. The tip of the 
capillary tube I was then broken oflF under the surface of water which had 
been charged with carbon dioxide in a sparklet apparatus, this solution 
being delivered directly on to the mixed oxides which were at once coated 
with adsorbed layers of hydrated carbon dioxide and thereby protected 
from atmospheric oxidation. The ground-glass plug was then removed 
from the joint E and after the lubricant had been carefully removed 
the suspension was transferred to the rectangular porcelain dish shown 
in fig. 2. 
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IEEADUTIOK of T7KSXTPPOETBD NiO CONTAINING ThOj 

The irradiation of the NiO containing ThOj was carried out exactly as 
described above for the supported oxides, except that it was continued 
for days, the dish being covered by a velvet cloth during the night. 
The solution, which had a volume of 12 1. and was almost saturated with 
respect to nickel bicarbonate, was concentrated under reduced pressure 
on steam baths. The hydrated nickel carbonate which separated was re¬ 
moved from time to time until there began to separate the same white 
substance as was obtained previously by the irradiation of the supported 
NiO containing Th02. As the result of further concentration the white 
substance increased in amount until quite suddenly it turned brown and 
acquired a gummy consistency. At this stage it was found that the solution 
had a strong alkaline reaction and there can be no doubt that the gummy 
product, which had a characteristic organic odour, was produced by the 
action of the alkali on the white product of photosynthesis. 

It was evident from this result that the NiO containing Th02 was 
contaminated with alkali which, although it did not inhibit photosynthesis, 
was considerably in excess of that present in the filtrates from the irradia¬ 
tion of NiO and ThOj adsorbed on kieselguhr. When the unsupported 
NiO containing ThOg is irradiated, the amount of alkali which passes 
into solution must be proportional to the total amount of Ni(HC 08)2 which 
dissolves. In the irradiation described above the 121. of water used became 
almost saturated with the bicarbonate and hence the total amount of 
alkali present in the solution would be reduced to one-twelfth if only 1 1. 
of water were used. The advantage of this would outweigh the possible 
decrease in the amount of the product of photosynthesis. 

The use of a relatively small volume of water precludes the use of the 
apparatus shown in fig. 2, and hence suspensions of 20 g. of NiO containing 
Th 02 in of water saturated with COj were prepared by the method 

already described. These suspensions were irradiated in the rectangular 
glass cell for 2 hr. The oxides were maintained in suspension by an elec¬ 
trically driven stirrer and COj was passed in during the whole period. 


Mbthod of treatment of the filtrate from the irradiation 

OF UNSTJFPORTED NiO CONTAINING ThOg 

The treatment of the filtrate from an irradiation required careful con¬ 
sideration. The method adopted in the case of the filtrates from the 
irradiation of supported NiO containing ThOg was to neutralize them by 
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the careful addition of very dilute hydrochloric acid and then to evaporate 
them to dryness under reduced pressure, the residue being dissolved in 
water and treated with diastase. These filtrates contained only minute 
quantities of nickel, whilst those from the irradiation of the unsupported 
oxides were saturated with respect to nickel bicarbonate. 

The immediate neutralization of the filtrates in the latter case, with 
the attendant formation of NiClj, raised the question as to whether the 
activity of taka-diastase is afiected by the presence of Ni ions. A carefully 
controlled series of experiments with boiled starch solution proved that 
the activity of the diastase is appreciably decreased when the concentration 
of Ni ions exceeds 0-006 m, that is to say when 50 ml. of the starch, acetate 
buffer and diastase solution contain more nickel than corresponds to 0-028 g. 
of Ni(OH) 2 . It followed from this that if the activity of the diastase were 
not to be affected, it would be necessary to continue the concentration 
of the filtrate from an irradiation until sufficient of the hydrated 
nickel oxide had separated to reduce the total amount in solution to 

0-028 g. 

Now evidence has already been given that the white product of photo¬ 
synthesis forms insoluble complexes with the very small amount of Ni( 0 H )2 
which separates when the filtrates from the irradiation of the supported 
NiO containing ThOa concentrated. There can be little doubt, therefore, 
that some of this white product must be brought down with the large 
amount of Ni(OH )2 which separates when the filtrate from the irradiation 
of the unsupported oxides is concentrated under reduced pressure. It 
follows from this that the amount of the white product left in solution 
after the filtrate has been so far concentrated that the total amount of 
Ni(OH )2 in solution has been reduced to 0-028 g. may be considerably 
smaller than that originally photosynthesized. 

It appeared to be necessary, therefore, in treating the filtrate from the 
irradiation of the unsupported NiO containing ThOg to adopt a method 
which lay between the two extremes, namely, (1) immediate neutralization 
by means of acid, and (2) concentration under reduced pressure until the 
total Ni content is reduced to 0-028 g. expressed as Ni(OH) 5 |. The method 
adopted was to concentrate the filtrate under reduced pressure until the 
rate of separation of the Ni(OH )2 began rapidly to decrease. The solution, 
after filtration, was then exactly neutralized by dilute hydrochloric acid 
and evaporated to dryness. The residue was dissolved in water and treated 
with taka-diastase by the method already described. 
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Evidbnck of photosynthesis with unsupported 

NiO CONTAINING ThOg 

Several irradiations of the unsupported NiO containing Th02 were 
carried out and in each case evidence was obtained of a reducing sugar 
being formed by the action of taka-diastase. The amount of cuprous oxide 
formed on boiling with Fehling solution varied from 0*008 to 0*005 g., 
but as already explained these amounts in all probability do not represent 
the total amount of photosynthesized material. These observations, there¬ 
fore, confirmed those obtained by the irradiation of NiO containing ThO^ 
adsorbed on kieseiguhr. 


Further evidence of photosynthesis with unsupported 
NiO CONTAINING ThOg 

In the previous communication (1927) evidence was given that hydrated 
nickel carbonate on irradiation turns dark on the surface owing to the 
formation of Ni^Oj and that this superficial layer of NigOs reverts to NiO 
in the presence of hydrated carbon dioxide. As was shown in 1930, 
hydrated nickel carbonate when heated in air until all the carbon dioxide 
and water has been driven off’ gives crystal units of NiO which are super¬ 
ficially coated with Ni 203 . It occurred to me, therefore, that a photo- 
synthetically active product might be obtained by heating in air the 
hydrated nickel carbonate containing ThO^ until it is completely decom¬ 
posed. 25 g. of this material were heated in a porcelain dish at 250° with 
constant stirring until the evolution of gaseous products had ceased. The 
black residue was then irradiated for 2 hr. in suspension in water saturated 
with carbon dioxide. The filtrate was treated in exactly the same way as 
was described above in the irradiation of unsu 7 >ported NiO containing 
Th 02 . The same result was observed, about 0*006 g. of cuprous oxide being 
obtained when the product of hydrolysis of the photosynthesized starch 
by taka-diastase was boiled with Fehling solution. This result, which was 
obtained eight times, affords additional confirmation of the results obtained 
by the irradiation of NiO containing ThOg adsorbed on kieseiguhr. 

In spite of the confirmation thus obtained of the photosynthesis of 
a carbohydrate by the irradiation of unsuf)ported NiO containing ThOg 
in the presence of hydrated carbon dioxide, it may be jiointed out that the 
difficulties associated with the use of this material are sufficiently great 
to render the method unsatisfactory. There is no question but that the 
use of NiO containing ThO, adsorb^ on kieseiguhr is preferable for two 

30-2 



464 


E. a a Baly 

reasoiis. In the iiret place the amount of adsorbed alkali is minimized 
and in the second place this photooatalyst alone gives evidence of the 
photosynthesis of the unstable product which changes to the starch. 


The esseotial importance of the presence of ThOj in the NiO 

It must be emphasized in conclusion that in all the preparations of 
nickel oxide described in this communication, whether adsorbed on kiesel* 
guhr or unsupported, the presence of thorium oxide in the molecular ratio 
of iThOj: 24NiO was found to be essential. Many preparations of NiO 
were made which contained no ThO^ and these were irradiated, the pro¬ 
cedure being identical with that described above. In no case was any 
evidence of photosynthesis obtained. The function of the thorium oxide 
and the mechanism of the photosynthetic process will be described in 
a subsequent communication. 

I have to record my grateful thanks to many who have rendered valuable 
help in this investigation and in particular to Messrs E. J, Baly, J. W. 
Ireland, L. B, Morgan, W. P. Pepper and C. E. Vernon. I also thank 
Messrs Parke, Davis and Co. for their gift of pure taka-diastase. To the 
late Sir Robert Mond I owe a very deep debt, since it was due to his most 
generous financial assistance that this investigation has been carried out. 
My grateful thanks are also due to my friend Sir Robert Robertson for 
his kindly criticism and advice. 

Summary and conclusions 

It may be claimed that the results of the foregoing investigations 
indicate: 

(1) That when a surface of NiO which contains ThO* in the molecular 
ratio of iThOj: 24NiO, preferably adsorbed on kieselguhr, is irradiated in 
the presence of hydrated carbon dioxide an organic compound is photo- 
synthesized. 

(2) That the first product of photosynthesis, which gives the Molisch 
reaction after hydrolysis, is unstable and changes slowly at room tempera¬ 
ture and rapidly at 60° to a stable compound. 

(3) That this stable compound, which is colourless, can be hydrolysed 
by taka-diastase to a reducing sugar and is probably, therefore, a type of 
starch. 

(4) That the first product of photosynthesis is the parent of the starch, 
the existence of which has not hitherto been recognized. 
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On fluctuations in electromagnetic radiation 

(A Correction) 

By M. Born, F.R.S. and K. Fuchs, Edinburgh 
(ReceiveA 6 June 1939) 

Dr M. Fierz (Zdrich) has kindly drawn our attention to a mistake in our 
paj>er on fluctuations in electromagnetic radiation ( 1939 ), which influences 
appreciably the final result. In the first equation on p. 257, the indices a, fi 
should be interchanged. This equation should be replaced by 

[k^ A ej] [k^ A e^] = {(s^. s^) (ej. e^!) - (ej. s,,) (e^. s^)}, 

where is a unit vector in the direction of k^. 

Instead of (3*9) we obtain for the energy density 

— q\ • '> — q"'^q^^ e ~<*a +''/(•')}, ( 3 • ) 

with F% = - i[(ej. e^) (1 + (s^. s^)} - (eJ. 8^) (e^ .8^)]. 

In the following equations (e“. ep should be replaced by FfJ, and the 
summation S b® spbt in two £, accompanied by a corresponding splitting 

a ot.fi 

of the products etc. into 

The essential difference to the original calculation comes from the average 
over all directions of polarization. Instead of (4*10) we obtain 
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80 that in (4‘12) and (S-D) 1 +ooa^^^J^^ is to be replaced by ^(1 +cos#^^)*. 
Equation {6'9) now reads 

+ COB +1) - k^)‘ik;idk^, I 

== c? ^ +1) (»? +1)+ nfn^ 

/*(k^ + k^)dk;idk^. 

, (5-9) 

Applying the formula (5*10) we find that AUl vanishes, since the integrand 
is zero for (i.e. cos = — 1). Instead of (5*1 1 ) we obtain 

AUi = ZlJi = i + 1 ) <ik,. (6-11) 

Comparing this expression with (5*14) we see that for isotropic radiation 
(n* s= they are identical if we replace 

by nS(n5[+l)* 

The result is that in the final formula (5* 19) the term which was ii>ter- 
preted as the fluctuation of the zero energy drops out. We obtain the 
previously accepted formula 

IVi = ^+hvE,. (6-19) 

VZ^ 

It therefore turns out that the interference calculation for a partial system 
leads to the same result as the thermodynamical treatment of a closed 
system. The latter comes to rest in its lowest quantum state; in the partial 
system the zero waves continue to run from one partial volume to the other, 
but—at least if we take the partial volume sufficiently large—there is no 
fluctuation of energy. 

Our mathematical objections against the critical paper of Heisenberg 
( 1931 ) have to be withdrawn. 
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The properties of flow of liquid He II 
Bv J, F. Allen and A. D. Miseneb 
{CommwmmUd by J. D. Cockcroft, F.S.S,—Received 29 March 1939 ) 

Inteodxjotion 

The problem of the viscosity of liquid He ii has been the subject of several 
recent investigations. In their experiments, Misener, Burton and others 
at Toronto (1935 ct, b) and later MacWood (1938) at Leiden used the methods 
of oscillating cylinder and disk respectively. Kapitza (1938) employed 
radial flow between parallel plates, and Giauque, Stout and Barieau (1938), 
Burton (1938), and the present authors (1938a, 6) have used the method 
of flow through capillaries. There has been wide disagreement among the 
investigators with regard to the magnitude of the viscosity, and the deter¬ 
mination of the value by the different investigators varies from an upper 
limit of 5 x 10"® c.g.s. units, as found by Kapitza (1938), to a value of 
10”"® c.g.s. units, as observed by Burton (1938). In addition to this the 
present authors reported (1938a) that, at least for long, narrow capillaries, 
the flow of liquid He 11 appeared to be non-classical in that the velocity 
of flow bore a relation to the pressure, which corresponded neither to laminar 
nor turbulent conditions. 

Flow is classically defined as laminar when the average velocity over the 
cross-section of the tube is directly proportional to the hydrostatic pressure 
which produces the flow. At sufficiently high velocity, the flow ceases to 
be laminar; it becomes turbulent and the velocity is then proportional to 
the square root of the pressure. It was observed that for He ii in long, 
narrow capillaries the velocity became almost independent of pressure and 
the suggestion was advanced that this might be attributed to slip on the 
walls of the capillary. 

The present research was undertaken in the ho|>e that a comprehensive 
investigation of the flow through capillaries of various diameters and 
lengths might throw more light on the nature of the phenomenon. Data 
has been secured over the temperature range from the A-point ( 2 * 186 '^K) 
down to K. The present paper also includes measurements of the flow 
of He II through tightly packed powder. 

Apparatus and method for flow experiments 

The apparatus and the experimental method employed were essentially 
the same for all of the flow measurements. A gloss capillary was connected 
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at one end to a cylindrical glass reservoir of such a diameter that the flow 
caused the liquid level in it to change at a rate convenient for measurement. 
The other end of the capillary was free and opened into the bath of liquid 
helium. The top of the reservoir was usually left open, but the opening was 
constricted to a diameter of from 0*5 to 1 mm., de];>ending on the size of 
the reservoir. The j)urpose of the constriction w'as to reduce as far as possible 
any transfer of the liquid to the reservoir by means of mobile surface films 
passing over the rim of the reservoir. Daunt and Mendelssohn ( 1938 ) have 
found that the films of He ii form to a thickness of the order of 10 “®cm, 
which does not appear to change much with tem])erature, and have a flow 
velocity of roughly 18 cm./sec. at 1 - 2 ° K, A striking property of the films 
is that the rate of transfer of liquid in them is indej>endent of the hydrostatic 
pressure or length of path of the film. Hereafter, in this paper, we shall 
refer to the mobile films forming above the liquid surface as supra-surface 
films. 

By constricting the opening at the top of the reservoir, we have restricted 
the transfer by supra-surface films to less than 5 x 10**® cm.^/sec. 

Most of the reservoirs were afterwards tested with the capillaries closed 
off, to measure the actual amount of liquid transferred by the films. The 
proportion thus transferred was generally less than 1 %, although in the 
case of the finest glass capillaries it did amount to 7 or 8 %, 

During the exjieriments the reservoir was always partially immersed 
in the bath. The flow was initiated by raising or lowering the reservoir and 
capillary, thereby separating the reservoir and bath levels. The rate of 
change of both reservoir and bath levels was then observed with a oatheto- 
meter. The latter was provided with a graduated eyepiece scale, and the 
times at which the levels passed successive divisions were recorded. The 
rate of change of bath level was always much slower be(?ause of its greater 
oross-seotion. 

When long capillaries were used they wore coiled horizontally to fit the 
flask containing the liquid helium bath. The diameter of the cods was 
usually 4 or 5 cm., i.e. approximately one hundred times the diameter of 
the capillary, which could, therefore, be considered as essentially straight. 

With very fine capillaries, the volume of liquid flowing into the reservoir 
per second through a single capillary would not be large compared with 
that transported into the reservoir by the surface films or lost by evapora¬ 
tion. This difficulty was overcome by the following method: 

A large number of stainless steel wires (diameter 0*0061 cm.) was bound 
together with all the wires as nearly parallel as possible. The bundle was 
slipped into a thiok-walled nickel-silver tube which was then drawn through 
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a succession of steel dies of decreasing diameter* This process, carried 
beyond the point where the wires were close packed inside the tube, pro¬ 
duced a deformation. The deformation (toward a hexagonal cross-section 
of the individual wires) decreased the size of the interstices between the 
wires, and by continuing the process, channels of any desired size between 
the wires could be obtained. The channels are naturally very far from 
circular in cross-section, and the type of flow observed in them might be 
expected to be slightly different from that in channels of circular cross- 
section. Glass reservoirs were attached to the wire-filled tubes by means 
of short platinum tubes. 

Steady vapour pressures and hence constant temperatures were main¬ 
tained by means of a manually adjusteil needle valve and a differential 
oil manometer in the helium pumping line. It was found to be essential 
to keep the temperature drift below 10“® degree/min. during measurements, 
particularly when they were carried out close to the A-point. 

The maximum hydrostatic? pressure used in the flow measurements was 
15 mm. of liquid helium, and the cathetometer magnification was adjusted 
so that the 15 mm. height occupied the whole field of view of the eyepiece. 


Results of flow THROUcm capillaries 

To determine the effect of change in radius, the flow was observed through 
single capillaries each 20 cm. in length, with radii 4*38 x 10*“*, 1-53 x lO'”®, 
5*0 X 10““® and I *02 x 10“-® cm. For still smaller channels, three metal tubes 
were packed with wires as described above. The mean channel width in 
each of the three tubes was 3*9 x lO-*, 7*9 x lO-® and 1*2 x 10 cm. respec¬ 
tively, Throughout the diagrams in the paper the radii of the single 
capillaries are plotted in conjunction with the mean channel widths and 
not half-widths of the wire-filled tubes. It will be shown that the flow 
through wire-filled tubes corresponds more closely to flow between parallel 
plates than to flow through cylindrical channels, so that the difference 
between mean ohanr^l width and half the mean channel width becomes 
of little importance. The wire-filled tubes will be fully discussed later. 

Investigation of the effect of change in length of capillary was confined 
to one capillary size, namely, 1-53 x 10”® cm. radius. The lengths used were 
40, 20,10 and 4*75 cm., and 1 mm. In all cases the change in reservoir level 
was plotted against the time. The slope of the graph at any point could then 
be transformed into the volume per second or the average velocity, v, 
of the liquid passing through the capillary. At the same point the difference 
l>etween reservoir and bath levels gave the pressure head, p, corresponding 
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Table I 

Capillary length 20 cm. 


Radius . 


Radius . 


r = 4-38 X 

10~*cin. 

r= l-53x 10-*cin. 

r = 5-0 X 10“® cm. 


Slope 


Slope 


Slop© 

2-163 

0-80 

2-162 

0-73 

2-160 

0-50 

2*103 

0-68 

2-102 

0-64 

2-105 

0-44 

2-006 

0-63 

1-996 

0-69 

2-002 

0-39 

1-761 

0-67 

1-761 

0-53 

1-15 

0-30 

1-191 

0-54 

1-191 

0-47 



r = 1-62 X 

10~8 cm. 

d = 3-9 X 10~* cm. 

d s= 1-2 X 10~® cm. 


Slope 


Slope 

rpo 

Slope 

2-166 

0-22 

2-160 

0-12 

2-170 

0-04 

2-096 

0-16 

2-102 

0-n 

2-00 

0-0 

1-986 

0-14 

2-006 

0-10 

M6 

0-0 

1-749 

0-13 

1-760 

0-10 



1-335 

0-12 

1-150 

0-10 





temperature (° K) 

Fio. 3. The temperature variation of the relation between velocity and pressure for 
flow through capillaries of different size but constant length. 

• r = 4*38x J0“*cm. r = 162 x 10"» cm. 

O r = l-53x lO-^cm. □ d s: 3*9 x cm. 

0 r = 5*0 X 10“» cm, .y rf = 1-2 x 10-» cm. 
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to the velocity so determined. Prom each graph a velocity-pressure table 
wa& constructed which was plotted logarithmicaUy. The resulting logarith¬ 
mic curves were always straight lines within the limits of accuracy and 
within the limits of pressure used, i.e. from 160 dynes/cm.® to 5 dynes/om.®. 
The slope (d log vjd logp) of the lines on the logarithmic graph then represents 
the index of p in the velocity-pressure relation. According to classical 
theory the sloj>e or the index is unity for pure laminar flow, and is i for 
pure turbulent flow. 



capillary size (radius or m«an channel width in cm.) 

Fio. 2, The variation with channel size of the relation between velocity and presaui*o 
for flow through capillaries at two tomj>eratures. 

® T = 2160“K. O T=1-20^K. 

The data giving the slope as a function of the capillary size (radius or 
mean channel width) and as a function of the temperature for capillaries 
of constant length is given in Table I and shown in figs. 1 and 2. Fig. 1 
contains a family of curves each giving the variation with temperature of 
the slope of the logt?, logp relation for a particular capillary size. It is 
quite evident that the type of flow with which we are concerned is of a 
complex character and that He xi cannot be treated as a normal viscous 
fluid. Pig. 1 shows two important features. First, the slope tends to approach 
unity for all capillary sizes as the temperature approaches the A-point 
(the dotted ordinate, 2*186®K). Secondly, over the whole temperature 
range investigated, except very close to the A-point, the slope approaches 
zero as the size of the capillary becomes very small. With the finest capillary, 
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at all temperatures below the slope was zero within the limits of 

experimental error. This means that, within the observed pressure range 
from 160 to zero dynes/cm the velocity of flow was completely independent 
of the pressure. That the pressure-independent velocity extended all the 
way to zero pressure at the lowest bath temperature is shown in fig. 8. 
As the reservoir and bath levels came together it was found that the reservoir 
level maintained its motion past the position of equilibrium and oscillated 
slowly about it for several minutes. 

For temperatures between and the A-point, however, in the 

three wire-filled tubes, the low value of the slope, dlogv/dlogp, was not 



Fro. 3, The temperature variation of the relation between velocity and pressure for 
flow through capillariesnf constant radius (r = 1*53 x lO-* cm.), but different length. 

• 1 = 1 inm. □ 1 = 20 cm. 

O l = 4’75cm. X 1 = 40 cm. 

g) 1 = 10*0 cm. 


Table II 


C'spillary radius 1*63 x 10~* cm. 
10 cm. 4*76 cm. 


I mm. 


T^K Slope T^K Slojw T^K Slope 


Length... 40 cm. 

T" K Slope 

2*173 0*76 

2*163 0*74 

2*016 0*68 

1*774 0*48 

M79 0*37 


2*156 

0*73 

2*166 

2*116 

0*69 

1*746 

2*014 

0*63 

M12 

1*760 

0*67 

0*0 


0*71 

2*160 

0*61 

0*68 

2*096 

0*62 

0*64 

1*780 

0*62 

0*0 

M60 

0*63 
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maintained down to zero preaeure. Instead, as is shown in fig. 9, for pressures 
smaller than 20-40 dynes/cm.®, the velocity lost its pressure-independenoe 
and varied linearly with the pressure. The latter phenomenon and the 
level oscillation will be discussed more fully in the section on wire-filled 
tubes. 



Flu. 4. The variation with length of the relation between velocity and preasure for 
capillary flow at different temperatures. 

• 5r=2175°K. ® 7'= 1-750° K. 

O r = 2-00°K. 4- r=l-20°K. 

The fact that the slope approaches zero for a large range of temperatures 
as the size of the capillary diminishes is demonstrated more strikingly in 
fig. 2, which shows the variation of slojie with capillary size at two different 
temperatures near the extremes of the available He u range. Prom the 
rate of increase of slope with increasing capillary size it is apparent that 
the production of purely laminar flow in He ii would involve apparatus of 
considerable magnitude. 

Table II and figs. 3 and 4 contain the data concerning the flow as a function 
of length and of temperature for capillaries of constant radius. Here two 
features are to be noted. First, for long capillaries, as in the case of variation 
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of radius, the slope tends to approach unity as the temperature approaches 
the A-point. Secondly, the slo{)e approaches a temperature-independent 
value of 0*5 as the length approaches zero, which is to be expected according 
to classical hydrodynamics. 

When we examine the variation of velocity with 'the length and radius 
of the capillary, we are confronted with further unusual phenotnena* Fig. 5, 



Fic. 6 . The variation of velocity with length for capillary flow 
at different constant teniperatxires and pressures. 

4- r = 2160^K,p=l5dyne8/orn.*. Q 2-160" K, 160 dynes/cmA 

• rs=l-20'’K,p=16dyn©3/cin.*. ® 1-20" K, 160 dynefi/om.«. 
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drawn from Table III, gives the average velocity of flow over the cross- 
section of the capillary as a function of the length for two constant pressure 
heads, and at two different temi^eratures. With increasing length, and 
particularly at low pressures, the velocity tends to approach a value which 
is indei>endent of length. A normal viscous liquid, under e>ondition8 of 
laminar flow, should show a velocity that varies inversely with the length, 
if the length be sufficiently great to eliminate end effects. An important 
point is that the velocity increases with decreasing temperature in long 
capillaries, whilst the reverse is true in very short capillaries. 

Table III 

Capillary radiua 1*63 x 10“* cm. 




Length 

. 40 cm. 20 cm. 

10 cm. 

4*75 cm. 1 mm. 



K 

V cm./sec. v 


V 

i’ 

pz 

= 15 dynes/cm.* 

1-20 

20 2*8 

3*65 

4*8 

10*2 



2* 160 

0*46 1*1 

1*70 

3*0 

11*2 

p : 

= 160 dyne»/cm. 

* 1-20 

6*2 7 3 

10*1 

16*5 

35*9 



2-160 

3*6 6*0 

»*6 

16*0 

37*7 




Tablk IV 






Ci 

apillary length 20 cm. 



Kadius (cm.) ... 


438xl0-‘ lC3xl0-* r. 

•Ox I0“» 

1*62 X 10-» 



K 

V 

V 

V 

V 


15 dynes/om.* 

1 20 

3*5 

2*8 

2*9 

3*1 



2*160 

2*6 

M 

0*42 

0*46 


160 dynes/cm.® 

1*20 

12*2 

7*3 

6*7 

4*7 



2* 160 

16*1 

6*0 

1*4 

0*76 


Average width of channel (cm.) ... 3 0 

ixlO"* 7 

*9x 10 » 

l *2x }0"« 




T°K 

V 

t> 

V 


p = 15 dynes/cm.* 

1*20 

2*8 

7*1 

12*9 




2*160 

0*50 

0*235 

10 


p=160 

dyneH/crn.* 

1*20 

4*1 

8*0 

12*9 




2*160 

0*70 

1*0 

1*26 


Fig. 6, constructed from data in Table IV, shows the variation of 
velocity with capillary radius at two constant temperatures and two con¬ 
stant pressures. For very small channel widths, the velocity of flow, 
instead of approaching zero as it would in a normal liquid, appears to 
increase. The increase is quite marked in the case of the narrowest channel, 
d * 1>2 X 10“* cm., at the lowest bath temperature, M6° K. Also in capil¬ 
laries larger than 5 x 10“* cm. radius and at low pressures, the velocity 
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is almost independent of the radius. For a normal viscous fltiid, the velocity 
should vary as the square of the radius. 

Two other features in fig. 6 are noteworthy. First, under constant 
pressure the rate of increase of velocity with decreasing temperature becomes 
greater as the radius of the capillary diminishes. Secondly, at sufficiently 
high pressures in larger capillaries the velocity decreases with decreasing 
temperature. 



capillary size (radius or mean channel width in om.) 

Fig. 6, The variation with capillary size of the velocity 
at different t^mj^eratures and pressures. 

• !r = 2160°K.p=16dyno8/cin.*. -f- r = 2*160'’K, 160 dynes/cm.V 

O T = 1’20° K, p = 16 dynes/cm.*. €) T = 1 *20® K, p = 160 dynes/cm.*. 

Fig. 7, drawn from Table V, gives the variation of velocity with tem- 
|)erature for different capillary radii. The velocity values are those which 
correspond to a pressure head of 100 dynes/cm.The figure shows again 
the decrease in velocity with decreasing temperature in the largest capillary, 
although under a smaller pressure head the large capillary, in common with 
the others, would show higher velocities at lower temperatures. It is most 
imi>ortant to note that as the capillary radius gets very small, the velocity- 
temperature curve shows a more and more marked resemblance to that 
observed by Daunt and Mendelssohn ( 1938 ) for the flow of supra-surface 
films of He 11 . 



velocity (cm./sec.) 
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temperature K) 


Fxa, 7* The variation of velocity with temperature for flow in oapillariea of different 
size at a pressure head of 160 dynoa/cm.*. 


-f 

r = 4-88 X 10“* cm. 

<s) 

d = 3-9x 10- 

* cm. 


r = 1>58 X i0-> cm. 

□ 

d = 79x 10- 

* cm. 

# 

r = 6 0 X 10-> cm. 

O 

d= 1-2 X 10- 

* cm. 


r= 1-62 X 10- * cm. 





VoU 17 a. A, 


31 
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Table V 

160 dynes/cm.*. Capillary length 20 cm. 


Radius (cm.) ... 4*38 x 10-® 1 53 x 10“* 5 x 10~3 


T^K 

cm./sec. 

r"K 

V 



V 

2-163 


16-2 

2-162 

6-1 

2-160 

1-35 

2*006 


14-4 

2-102 

6-35 

2-106 


1-8 

1-751 


13-2 

1-996 

6-7 

2-002 


2*8 

M91 


12-2 

1-751 

7*0 

M6 


6*76 




1-191 

7-20 




==l-62x 10 

cm. 

rf=:3-9> 

: 10^* cm. 

d=7-9x 10 

* cm. 0 

^=:^2X 

10 cnr 

T’^K 

V 


t) 

T" K 



V 

2165 

0-75 

2-162 

0-70 

2162 

0-85 

2-173 

0*73 

2 -()tt6 

1-95 

2-092 

1-85 

2-095 

3-0 

2-165 

1-07 

1-985 

2-80 

2*015 

2-45 

2-020 

4-7 

2 153 

1-62 

1-749 

4-0 

1-749 

3-85 

1-805 

7-4 

2-130 

2-36 

1-335 

4-6 

M6I 

4-05 

1-709 

7-7 

2-102 

3-3 





1-400 

8-0 

2-070 

4*66 







2-036 

4-96 







1-900 

7-8 


1-660 11-6 

1-38 12-9 

1-31 12*6 

1-20 12-9 


Flow thkough tubes filled with wires 

The three wire-filled tubes, whose velocity-temperature curves bear such 
a close resemblance to that for mobile surface fihns, can now be considered 
in more detail. The size and nature ol’ the channels through these tubes 
have been determined by two methods and are given in Table VI, which 
also contains comparative data for supra-surface films from measurements 
made by Daunt and Mendelssohn. First, by means of the passage of helium 
gas at high pressure and at room temperature, the effective total open cross- 
section, 8p, was found using the Poiseuille formula for the flow of a com¬ 
pressible fluid, and considering the flow to take place in the channels between 
the close-packed wires. If the number of wires is n, the number of channels 
will be approximately 2n, Since the method assumes a circular cross-section 
for the flow channel, the effective cross-section so calculated for the wire- 
filled tubes will represent too small an area. The relation between surface 
and area will also not be correct. 

We have been able to determine the total open oross-seotion of tubes A 
and C by another method. In both tubes at the lowest bath temperature 
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(M5°K), oscillation of the reservoir level about its equilibrium position 
with the bath level was observed. This was most pronounced for tube C, 
and is shown in fig. 8. The curve represents the relation between the position 
of the reservoir level and the time. In tlus diagram the bath level has been 
kept at a fixed point in the eyepiece scale for convenience of observation. 



Fio. 8. The osoillation of reservoir level in the wire-filled tube C, 
at 2’ = 1-20'’K, 


From the time and height of reservoir level at which the observation com¬ 
menced, the level fell at a constant rate until it had passed the bath level. 
The reservoir level then oscillated slowly about the bath level. The oscilla¬ 
tions were recorded for several minutes until the view was obscured by 
moisture condensing on the flask. 

It would appear that the oscillations must be caused by the inertia of 
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the liquid in the capillary. If so, then the open cross-section, 8q, of th« 
capillary can be found from the relation 

where A is the cross-section of the reservoir attached to the capillary, 
and / is the length of the capillary, and t is the periodic time of the oscillation. 
For tube C, A = 1-25 x 10”^ cm/-*, I = 15*8 cm., and the observed r was 
approximately 25 sec. Inserting these values, we observed a value for 
which is larger than Sj, by a factor of 3*8. This seemed to indicate that the 
flow might correspond more closely to that between parallel plates, rather 
than through separate circular channels. The total open cross-section was 
accordingly calculated using a suitable formula for flow between parallel 
plates and employing the data used in calculating The cross-section 
calculated in this way was 30 % higher than Sq. The wire-filled tubes appear, 
therefore, to provide a network of channels having approximately parallel 
sides. This has been further bo»ne out by an examination of wires taken 
from the tube after drawing down. The wires appeared hexagonal in 
shape with well-defined edges. It is apparent that He ii flows in these 
very narrow channels with a very slight retardation. 

In order to test the validity of the application of the oscillation equation, 
two reservoirs differing in size by a factor of fi*3 were attached to tube A. 
The two values of obtained from the two values of t observed, differed 
by approximately 12 %. The average of the two values for Sq is given in 
Table VI. It is seen from the table that for tube A, Sq is the same as S^y 
which might be expected since the drawing down of tube A was not carried 
past that required for close packing of the undistorted wires. 

No oscillation data was available for tube 5, but since its Poiseuille 
cross-section, *8!^, fell midway between those of tubes A and (7, Sq was 
estimated to be twice as large as Sj,, 

We have assumed in the calculations that the total circumference of all 
the wires in each of the tubes is in contact with liquid helium. Then the 
average width of the channel, d, was determined by dividing Sq by half the 
total circumference of wires. Table VI helps to show the similarity between 
the flow in tube C and transfer by means of supra-surfaoe films. 

An interesting feature of the flow through wire-filled tubes, as has been 
mentioned earlier, is that in each of them above 1*75° K, the slope, 
dlogv/dlogp, did not maintain its very low value down to zero pressure. 
Instead, as is seen from fig, 9, for pressure below 30 or 40 dynes/cm,*, the 
slope increased to unity. If the flow, however, was treated as viscous in 
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Table VI 



Supra- 

surface 


Tube A 

Tube B 

Tube C 

fihna 

Length (cm.) 

15 

14*2 

16-8 

— 

No. of wires 

890 

990 

2000 

— 

Total circumference of wires 

16-5 

16-5 

21 

— 

in the tube after drawing 
(cm.) 

(om.») 

2-9 X 10-* 

3*2 X 10"* 

3-3x J0-‘ 


Sq (cm.*) 

2’9xl0~* 

6*4 X 10-* 

l-26x 10-« 

— 

Average width of channel. 

3*9 X 10-* 

7*9 X lO * 

l-2x 10-‘ 

-4x 10-« 

d (cm.) 

Vol./spc. at 1*2“ K and imder 

1.2x10"* 

5*1 X 10"* 

)-6x 10-’ 


160 dynea/cm.* (om.Vsoc.) 
Vol./sec./om. width of surface 

8-3 X 10 * 

31 X 10"* 

7-7 X 10-* 

8x 10-* 

at 1*2“ K and under 160 





dynea/om.* 

Velocity at 1 *2“ K and under 

41 

-8-0 

12-9 

18 


160 dyntift/cm.* (cm./aoc.) 



Fia. 9. The relation between velocity and pressure in the 
wire-flUed tube A at different temperatures. 

• T^V164°K. ® ir = 2017‘^K. K T=2*162'^K. 

O 2^= 1*748*^ K. ^ T = 2*092“ K. 
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this pressure region, the viscosity so calculated was found not only to 
decrease very rapidly with decreasing temperature, but also to decrease 
with the size of the channels. Thus the viscosity determined from flow 
through tube A varied from 5x10“’ c.g,s. units near the A-point to 1 x 10"^^ 
c.g.s units at 1'75^K, while that determined from tube C varied over 
a corresponding temperature range from 1 x 10“® c.g.s units to 1 x 10“^® c.g.s. 
units. It is doubtful, therefore, whether any significance can be attached 
to a determination of the viscosity in this way. 

It is obvious that viscosity can have little to do with the damping of the 
oscillation shown in fig. 8. The decrement must arise partly from the 
transfer of kinetic energy at the ends of the tube and probably partly from 
thermal effects associated with the flow, which are to be discussed in a later 
paper. If, however, we treat the damping as though it were due to viscosity, 
we arrive at the very minute figure of 5x 10”^^ c.g.s. units for the flow 
of liquid through tube C at 1*2° K. 


Flow of He ii through powder 

During the course of the experiments on the flow through very fine 
capillaries, measurements were made on the flow through a tube packed 
with fine yjowder. The tube had a bore of 3 mm. and a wall thickness of 
3 mm. A length of 10 cm. was tightly packed with jewellers* rouge. The 
process of pa(;king consisted in pouring in successive small quantities of the 
rouge and tamping it down each time with a steel rod. Before the powder- 
filled tube M^as inserted in the cryostat, helium gas at high pressure was 
forced through it, both to remove the air from the interstices in the powder 
and to provide data for the determination of the viscosity of He ii by the 
comj)ari8on method using DArcy’s Law: 


Vl 


Vo 


9oPl 

VlVg 


where ^ is the viscosity, q is the quantity of liquid/sec. and p is the hydro¬ 
static pressure. The subscript L refers to He ii, and the subscript 0 refers 
to helium gas at room temperature. 

The flow was measured by the same methoii as was used for flow through 
capillaries. Fig. 10 gives the volume of liquid per second passing through the 
powder as a function of the temperature for a constant pressure of 100 dynes. 
The similarity of the curve to that for flow through a very fine capillary 
(fig. 7) is quite marked. At the temperature 2ri77'^K, the voh/seo. was 
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proportional to the pressure for small pressures as is seen from fig. 11. 
At higher pressures it became proportional to the square root of the pressure. 
At all other temperatures below the A-point, the vol./sec. was proportional 
to the square root of the pressure for all pressures. From a comparison 
with the passage of helium gas at high pressures and at room temperature, 
the coefficient of “viscosity” at 2*177°K was calculated to be 1 x 10“* c.g.s. 
units. 



10 1-2 1*4 1-6 1-8 2-0 2-2 


temperatUTf? CK) 

Fio. 10. Tho variation with temperature of the rate of flow through tightly 
pac'ked jewellers’ rouge under a pressure of 10^) dynes/om.*. 

The thirty-fold increase in the velocity of flow from 2‘177 to M45®K 
shows that the “viscosity” must drop to the order of 10“^® o.g.s. units at 
M45°K. It seems unlikely that the powder contracted away from the 
walls as the glass tube was cooled to helium temperature, since then one 
tmght have expected the flow to be less dependent on pressure. Also, the 
flow of He r through the powder was not detectable. 
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For laminar flow through very fine powder, Reynold’s number should be 
unity. The observed laminar flow per second was of the order 10“* em.^/sec. 
The velocity down the tube was therefore 10“* cm./sec. whilst the average 
particle size was I0~® cm. diameter. Thus Reynolds’ number, R = rpt'/i/, 



Fio. 11. The velocity-pressure relation for flow through 
rouge at different tem{)erature8. 

® r = 2-177“K. O 5r= 1-145“ K. 

where r is the particle radius, p the density of He ii, and v the velocity, is 
of the order unity for the viscosity of 1 x 10-* c.g.s. units at 2-177° K. The 
rapid increase of v with decreasing temperature would quickly put the 
Reynolds’ number up sufficiently to give turbulent flow, which is observed 
for all temperatures below 2-177°K. 

The “viscosity” determined by means of the flow through Very fine 
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powder is roughly the same as that observed in tube 6\ The average size 
of the interstices between the powder particles could not be greater than 
10”* cm. which is even smaller than the average width of channel in tube C. 
Although the type of flow through powder a|)pears to represent a true 
viscosity, the interpretation of the phenomena of the flow through powder 
and through the wire-filled tubes still remains obscure. 


Discussion 

It is obvious that the flow through large single capillaries boars little 
direct relation to a viscosity as low as 10”* to 10”^® c.g.s. units. We must, 
therefore, look further for an explanation of the observed flow phenomena 
in larger channels. 

The general features of the flow-^ of He ii, and particularly the minima 
observed in the curves in fig. 0, seem to indicate that a certain part of the 
liquid can flow most easily along the walls of the capillary, and that the 
velocity is, therefore, higher along the walls than it is in the centre of the 
channel. That there is a part of the flow proi)ortional to the amount of 
surface present is shown in fig, 12. There the vol./sec./cm. width of surface 
is plotted against the radius or the average width of channel. Since the 
curve does not approach zero for r = 0, except at temperatures very close 
to the A-point, the intercept on r = 0 must represent the liquid transported 
along the surface of the channel. 

From fig. 12 it is evident that, especially at low temperatures and low^ 
pressures, the function vol./sec./cm. of stirface varies almost linearly with 
the radius. A large part of the flow, therefore, must be proportional to the 
area of cross-section of the channel. This is clearly seen from fig. 6, where 
the velocity (vol./sec./n^r*) is almost independent of the radius for low 
pressures. Since the amount of liquid actually transported along the surface 
is small, it is the flow proportional to the cross-section which carries the 
bulk of the liquid in all sizes of capillary. This may be the reason for the 
wide variety of values for the viscosity which have been found by previous 
investigators. Eliminating the surface and cross-section parts of the flow-, 
the remainder was found to vary as a higher power of the radius. 

This portion of the flow does not vary exactly as r*, which would represent 
a pure viscous term. Nor has any simple empirical formula been found which 
gives the flow as the sum of surface, cross-section and viscous terms. 

It is impossible to give a complete picture of the flow of He ii through 
capillaries from the above data. It is evident, however, that the data cannot 
be explained by a viscous liquid w^hich slips along the boundary. Such 
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a picture could not give ri«e to the minima observed in the velocity-radius 
curves. It must be concluded, that there is a flow of liquid along the 
boundary of the channel which bears a close resemblance to transfer by 
supra-surfaoe films. The liquid in the interior is apparently influenced both 
by the walls of the channel and by the surface flow, since at low pressures 



12. The flow as a function of the amount of surface present 
in the capillary, for capillaries of different size. 

X T = 2*160'’K, 15 dynes. -f T = 2160® K, 160 dynes. 

120® K,p= 15 dynes. O 1-20“ K, p= 160 dynes. 


the velocity of flow becomes independent of the radius, which indicates 
that the liquid is dragged aloiig with the surface layer but at a much lower 
velocity. 

It is open to question whether or not the surface layer forms a continuous, 
coherent film over the whole surface, because the lower velocity in the 
centre of the channel can only arise from interaction with the walls. If the 
surface layer were continuous to a depth comparable with that of supra- 
Burface films, i.e. 4 x 10“* cm., it would be difficult to see how interaction 
with the walls could occur. 
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Since the present investigation was concerned with channels no narrower 
than 1*2 x 10 “* cm., it is impossible to say how the velocity varies as the 
channels approach atomic dimensions. It has been observed above, how¬ 
ever, that for channels 1 * 2 x 10 ^* cm. in width, i.e. roughly twice the 
thickness of supra-surface films, the average velocity in the channels is 
only two-thirds that for supra-surface films. There is thus an indication 
of a velocity gradient in the surface layer itself, but further research will 
he necessary before the nature of the boundary conditions for the flow of 
He Ti is completely understood. 



Kia. 13. Probable appearance of the variation of velocity across the diameter of 
a cai)illary, (a) at low j»ressure, (6) at higher pressure. A represents the sub-surface film, 
whilst B representa the bulk liquid in the cerntre of the capillary. 

We might depict the flow of He ii in capillaries as in fig. 13. The flow for 
pressures approaching zero is shown (a), where the velocity in the interior 
of the liquid is independent of the radius. In ( 6 ), for flow at higher pressures, 
the viscosity of the liquid would play a greater part and the velocity would 
show a dependence on both radius and pressure. 

An idea of the magnitude and the temperature variation of the viscosity 
of the liquid when not associated with a boundary can be gained from a con¬ 
sideration of the flow through the largest capillary. The slope {d log vjd logp) 
near the A-point is 0 * 8 , which is a sufficiently close approximation to the 
laminar condition of slope unity to justify a calculation of the viscosity 
from Poiseuille’s formula. The value of the coefficient of viscosity so calcu¬ 
lated is 8 X 10“* c.g.s. units which must be, under the circumstances, a lower 
limit. At 2*3° K in He i, 17 has been found to be 2*7 x 10 -* c.g.s. units by 
Wilhelm, Misener and Clarke ( 1935 a). It is conceivable, therefore, that there 
is no discontinuity of viscosity between He i and He u at the A-point. This 
is further borne out by Burton ( 1938 ), who found no difference in the rate 
of flow as the A-point was passed, for flow through a capillary 0*3 mm. 
diameter and 3 cm. in length. The temperature variation of viscosity of 
He n can also be estimated. Since the velocity in the largest tubes decreased 
with decreasing temperature, the viscosity must, therefore, increase with 
decreasing temperature. Furthermore, the increase of viscosity must be 



488 


J. F. Alien and A. D, Misener 


even greater than is indicated by the observed change of velocity, since 
the influence of the surface layer would tend to increase the velocity at 
lower temperatures. Such a temperature variation of the ooeiffioient of 
viscosity would also explain the temperature variation of velocity in the 
shortest capillary (Table III), where the influence of the surface layer 
would be small. One might expect, therefore, the viscosity of He it to 
increase by a factor of two or three between the A-point and 1*15° K* Since 
the velocity of flow both of the surface layer and of the liquid in the 
largest capillary tend to approach a constant value below 1*6"^ K, it must 
be inferred that the viscosity attains a more or less constant value at that 
temperature. Such great similarity has been observed between the flow 
in the narrowest channels and in supra-surface films, that it might be 
assumed that the two phenomena are really the same. The mobile surface 
layer inside the liquid might therefore be called a subsurface film. 

The phenomenon of pressure independent flow in surface films has not 
so far received an adequate explanation. The velocity of transfer also 
appears to be independent of the nature of the surface and of the length 
of path as well, both from our experiments and from those of Daunt and 
Mendelssohn (i939<t). The velocity appears to be characteristic for any 
given temperature of He ii. Under certain conditions, however, the rate 
of pressure inde|)endent flow can be aft'ected. If the flow is from a very 
narrow reservoir and the amount of surface on which the flow takes place 
is very great, the transfer velocity is reduced; that is, the transfer velocity 
is dependent on the surface area of the liquid in the reservoir. The reduction 
in velocity under these circumstances appears to be caused by a restriction 
on the rate of escape of heat generated by the flow. The magnitude of the 
reduction varies greatly with temperature, it is small at 1-2'’K but rises 
at higher temperatures and becomes indefinitely large at the A-point, Such 
effects have been observed both in the wire-filled tubes and in an experiment 
where the transfer by supra-surface films was greatly increased by hanging 
a large bundle of very fine wires over the rim of a reservoir. In the latter 
case the reduction in velocity caused by a ten-fold reduction in the reservoir 
cross-section was as much as a factor of six at a temperature near the 
A-point. A detailed description of these experiments will be given in a 
later paper together with a description of other experiments carried out to 
investigate thermal effects* associated with the flow of He ii. 

♦ Daunt and Mendelssohn ( 19396 ) have recently observed the inverse process 
of the fountain effect’’ (Allen and Jones 1938 ). They have observed the production 
of a temperature difference between the ends of a channel through which He n is 
flowing. 
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The effect on the velocity of flow in narrow channels due tg the dimensions 
of the reservoir probably accounts for the second minimum in the velocity 
radius curves found at r ^ 5x 10 “* cm. and shown in fig. 6 . Recent 
measurements on tube A showed that an increase by a factor of six in the 
cross-section of the reservoir produced an increase of approximately 15 % 
in the velocity of flow through the tube at 1 * 2 ° K. By using sufficiently large 
reservoirs on the wire-filled tubes, therefore, the second minimum in the 
velocity-radius curves might be made to disapjjcar. 

The errors involved in the flow measurements are rather great. The large 
rate of evaporation of the helium bath (approximately 1 cm.^/min.), which 
has not been corrected for, produced an error probably as high as 5 or 10 % 
for some of the intermediate sizes of capillary, particularly when the bath 
tem})erature was near the A-point. Unsteadiness of the bath temperature 
also undoubtedly produced a certain amotint of error. The effect of the 
dimensions of the reservoir on the rate of flow in the wire-filled tubes adds 
a further uncertainty to the measurements. It is difficult, in view of the 
many variables involved, to see how any method for the determination 
of the viscosity of He ii could give an absolute value to within 50 %. 

The observations and deductions given above, however, might help to 
explain the variation in the determinations of the coefficient of viscosity 
which have been made by different methods. Our results are in general 
agreement with those of Burton at temperatures close to the A-point. The 
turbulent flow and the low viscosity (less than 5 x 10“® c.g.s. units) observed 
by Kapitza (1938) might be explained as partly due to end-effect, since 
the radial flow channel which he used was only 1 cm. in length, and partly 
due to the subsurface film. The oscillating disk method of Mac Wood ( 1938 ) 
might be expected to be influenced both by the subsurface film and the bulk 
liquid, which would explain the intermediate range for 3 x lO"*^ c.g.s. units 
near the A-point to 2 x 10 -* c.g.s. units at 1 - 2 ° K, which he observed. The 
recent flow measurements on He 11 by Giauque et al, (1939), which gave 
values for the viscosity between those of Kapitza and MacWood, are more 
difficult to assess as the method that was employed involved the simul¬ 
taneous flow of both He n and vapour in the measuring channel. 

The authors desire to express their thanks to Dr J. D. Cockcroft and to 
Dr H. Jones for many helpful discussions during the course of the research 
and to Dr J. Reekie for his kind assistance in taking measurements during 
the latter part of the research. The authors’ thanks are also due to the 
Royal Commission for the Exhibition of 1851, who have made this work 
possible for one of us (A. D. M.). 
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SlTMMARir 

By measuring the flow through capillaries and through fine powder, the 
hydrodynamic properties of liquid He ii have been investigated. Capillary 
channels varying from 1 mm. to 1 x 10“® cm. in diameter were used. The 
flow through capillaries was found to bear no relationship to ordinary 
laminar or turbulent flow, although the latter conditions were approached 
for large capillaries at temjieratures close to the A-point. The effect upon 
the flow of length of channel was investigated with capillaries varying in 
length from 40 cm. to I mm. Classical hydrodynamic flow was observed 
only in the shortest capillary which corresponded essentially to an orifice. 
The flow through powder (tightly packed jewellers* rouge) gave results 
which could be interpreted according to classical hydrodynamics over the 
whole experimental temperature range in Ho ii, from the Appoint down to 
M5°K. 

The main features of the flow of He ii may be summarized as follows: 

(1) The dependence of the velocity of flow on pressure became less 
(a) as the radius of the capillary was reduced, or 

(h) as the capillary was lengthened, or 
(c) as the temperature was lowered. 

(2) In the largest capillaries at a temperature close to the A-point, an 
approximation to laminar conditions of flow was observed. 

(3) In all capillaries at low pressures, the velocity increased with de¬ 
creasing temperature, but the reverse held at higher pressures in large 
capillaries. 

(4) At all temperatures there was a minimum in the relation between 
the radius of the chamiel and the velocity at constant pressure. For channels 
smaller than 5x 10 '^ cm. in width, the velocity increased rapidly with 
decreasing channel size. 

(5) At pressures above 50 dynes/cm.^ in the narrowest channels, the 
velocity w^as completely inde}>endent of pressure at all temperatures. The 
curve between the pressure-indej^ndent velocity and the temperature bears 
a strong resemblance both in magnitude and shape to that for mobile 
surface films of He ii above the hydrostatic surface of the liquid . 

(6) In channels less than 10*^® cm. in width, at temperatures close to 
the A-i)oint, and at low pressures, the flow became laminar with evidence 
of an exceedingly small viscosity. 

(7) For flow through tightly packed fine powder, the observed viscosity 
appeared equal in magnitude and temperature variation to that observed 
in the narrowest smooth channels. 
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The properties of flow of liquid He ti 

The results have been interpreted in terms of two types of flow occurring 
together in the liquid; one, a surface flow along the walls of the capillary, 
in which the velocity is independent of the pressure. The other, predominant 
in large capillaries, has a viscosity of the order of 10“* c.g.s. units which 
increases with decreasing temperature, and has a value just below the 
A-point probably not much different from that of He i. 
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Luminescence of mercury vapour along an a-ray pencil, 
and transfer of nitrogen excitation to mercury 

By a. Luyckx* 

{Communimted by Lord Rayleigh^ F.R.8.—Received 3 April 1939) 

[Plates 20, 21J 

When a-rays from a small glass bulb with thin walls containing radon 
irradiate a gas, there is no observable increase of the faint luminescence 
emitted by the radon bulb in vacuum. This glow is only visible in a dark 
room; and the bulb contours can be clearly seen by direct observation or 
on the photographic plate. In special conditions a mixture of nitrogen and 
mercury .vax>our irradiated by a-rays emits a relatively intense green glow, 
which comjdetely masks the contours of the bulb and can be easily photo¬ 
graphed and even studied spectrographically. In this paper I describe the 
phenomena observed and try to show the analogy of the glow with the ‘ * wing 
effect ** of Lord Rayleigh ( 1929 - 1934 ) in the fluorescence of optically excited 
mercury. 

Mbkoxjry vapottr luminescence at room temperature 

A horizontal jiyrex tube of diameter 2 cm. and length 30 cm, contains 
at one end iron oxide, FcgO^, at the other end a radon bulb and a drop of 
mercury. A good vacuum is made in this tube. During the pumping, the 
iron oxide is warmed to a red heat; precautions are taken to keep the radon 
bulb end cool. After 2 hr. purn^ung some 50 cm. of nitrogen are introduced 
into this tube. The tube is closed by a stopcock and detached. It is iui^ned 
and tapped till the rays reach the iron oxide. After some time the 
glow appears, sufficiently intense to be seen when the tube is protected 
against direct light. 

Fig. 1 (Plate 20 ) shows two bulbs of radon placed in a pyrex tube. No 
volume luminosity is visible, though the contours of the bulbs can be seen. 
The presence of air has quenched the glow. The time of exposure was 27 hr. 

Fig. 2 (Plate 20) shows the luminescence phenomenon under consideration. 
The only difference between figs. I and 2 is that in the latter the nitrogen 
is pure. One cannot even guess where the bulbs are. In the absence of 
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nitrc^tea or kon glow could be seen and fig. 1 was obtained. The 

quantity of radon in the bulbs was generally about 50 millicuries, but the 
glow is visibie even with bulbs of less than 3 miUicuries. The luminosity 
appears only in the regions irradiated by a-rays and when the iron oxide is 
reached by the arrays. The walls of the radon bulb are thin enough to allow 
the a-partioles transmitted to have a range of about 3 cm. in nitrogen at 
atmospheric pressure. Increase of pressure intensifies the glow but contracts 
the luminescent region owing to the diminished range of the a-rays. The 
glow becomes brighter by increasing the temperature. I shall not here 
discuss the mechanism by which the iron oxide promotes the production 
of the luminescence but I shall assume provisionally that it produces in 
the tube a supersaturated mercury vapour. 


EmISSIOIST spectrum excited by a-BAY8 

The first two spectra show that the green glow was accompanied by an 
increase in intensity of the resonance line 2537 A. Tests mode by varying 
the time of exposure showed that this line was about 30 times more intense 
in presence of iron oxide. The spectrum in fig. 3 (Plate 20 ), which shows the 
nitrogen bands, was described elsewhere (Luyckx 1937 ) and was taken with 
a-ray inadiatiou in the absence of iron oxide. No glow was visible. The 
exposure time was 22 hr. The spectrum of fig. 4 (Plate 20 ) was taken when the 
green glow was emitted. The 2537 A line is much more intense. The time 
exposure was 11 hr., and the bulb was three days older than for fig. 3. In 
a spectrogram not given here the resonance line is about twice as intense 
after 70 min. exposure, when the green glow is emitted, as after 16 hr. of 
exposure when the glow is absent. For the spectrum in fig. 5 (Plate 20 ) 
a Hilger spectrograph was used to compare the resonance line excited by 
a-rays with the same lino excited by a mercury lamp. 

The visible mercury triplet 5461, 4358, 4046 and a continuum having 
a maximum at about 4800 appear only when the luminescence is emitted 
(see fig. 6 , Plate 20 ). These lines and continuum are absent in the spectrum V 
shown in fig. 7 (Plate 20 ) which was taken when iron oxide was not present; 
no glow was visible. 


a-BAY EXCITED LUMINESCENCE IN DISTILLING MERCURY 

The presence of iron oxide introduces a complication, which we were able 
to avoid after many attempts, in the following conditions. 

, vcL 17 ^, A. 


5a 
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The radon bulb (fig. 8) may be placed in different positions in 6', 6"' or 
by means of an electromagnet. Mercury is warmed in A. The apparatus is 
of pyrex and warmed during the pumping. When a good vacuum is obtained 



Fid. 8. Apparatus. 

stopcock H is turned. No glow can be seen, the contours of the bulb remain 
clear even when the oven F is red hot and the whole apparatus warmed with 
a flame (fig. 9, Plate 21). 

The green luminescence of mercury appears only when nitrogen is intro¬ 
duced into the tul)e. With 2 mm. of nitrogen the glow appears, it increases. 
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and becomes very intense with some centimetres of nitrogen (see fig. 10 , 
Plate 21 ); j?(N 2 ) »= 10 mm., exposure ^ = 15 min. The radon bulb is placed 
in the distilling stream. In fig. 11 (Plate 21 ) the bulb is in b* and is indicated 
by the arrow Rn; ^(Na) = 30 mm,, t = 20 min. The most brilliant region 
is not that immediately surrounding the bulb. The lateral tube being cooler 
than the central tube, mercury vapour condenses in the entrance of this 
lateral tube and it is the irradiation by the a-rays of this region which is 
the most brilliant. In fig. 12 (Plate 21 ), the bulb is in fe'", p(Na) = 20 mm., 
/ — 12 niin. In tig. 13 (Plate 21 ), the bulb is in 6 '"'; ^^(Na)^ 10 mm., 120 min. 

The luminescence of the a-ray pencil is visible in figs. 11 and 13 (Plate 21 ). 

Spectroscopic observation shows the lines 5461 and 4358 and between 
them a brilliant green continuum having a maximum at about 4800 A. The 
apparatus not being in silica, the research of tlie 3300 band or the other 
series was not possible. 


The ‘^wing effect'’ of Loed RAYiiEiOH and the a-RAv 

EXCITED LUMINESCENCE 

R. W. Wood ( 1936 ) found that the emission of the ultra-violet resonance 
light of mercury vapour was accompanied by a green light when nitrogen 
at a pressure of 2 mm. was introduced in the resonance tube. Phillips ( 1913 ) 
excited distilling meremy by the resonance line 2537 and observed a green 
tiuorescenoe carried by the moving stream. Lord Rayleigh ( 1929 , etc.) dis¬ 
tinguished the “core effect” resonance excited by the core of the 2537 Hne 
and the “wing effect” fluorescence excited by a hot mercury lamp or an 
iron arc. From the comparison of their three principal characters we shall 
try to show the similitudes of the phenomena that we observed with 
fluorescence excited by ultra-violet lines, especially with the “wing effect”, 
and deduce some information as to the mechanism of its excitation. 

(i) Spectra, The fluorescence spectra consist principally of a continuum 
having a maximum at 4850 A, a continuum having a maximum at 3300 A; 
the visible triplet 6461, 4358 and 4046, the 2537 A, the “wing” and “core” 
series. In the emission spectra of mercury vapour excited by a-rays we find: 

In the 4860 A (or 4880 A) continuum, emitted at room temperature in 
presence of iron oxide (fig. 6 , Plate 20 ) or in boiling mercury, the triplet 
6461, 4358, 4046 and the resonance line 2637 A. 

The 3300 A continuum is much less intense in the “ wing effect ” spectrum 
without superheating. |n our case we did not find this continuum nor the 
Rayleigh and Woods series which need probably a stronger emanation bulb 
and longer exposure. 


33-2 
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(ii) Survivance of luminescence to hydrogen ctcHon, It is known that this 
gas quenches the resonance phenomena excited by the resonance line 2687 . 

P. Pringsheim and A. Terenin (1928), exciting mercury vapour with a hot 
mercury lamp or an aluminium spark, found that complete extinction 
occurred with a pressure of 10" * mm. of hydrogen. Lord Rayleigh confii'med 
this quenching effect of hydrogen but only for the “core effect ”. He found 
that the “wing effect” survives very large additions of hydrogen. 



Fio. 14 Fig. 16 


We found also that the green luminescence excited by a-rays is not 
quenched by large quantities of hydrogen, while traces of air quenched the 
glow. This was investigated in the distilling apparatus of fig, 8. Hydrogen 
has only a diluting effect not comparable to the poisoning effect of air. At 
room temperatures in presence of iron oxide the glow is very brilliant even 
when radon and iron oxide are mixed with 20 cm. of hydrogen and 20 cm. 
of nitrogen. It was in an experiment of this kind that the glow was first 
observed in the neighbourhood of the magnetic oxide. On shaking, the 
luminosity spread throughout the whole tube and became brighter. 

(iii) Peraigtenee of the luminescence. In figs. 11 and 13 (Plate 21) the limits 
of the a-ray pencil are well marked; it is not easy to guess the direction of 
the distilling stream, hi an atmosphere of nitrogen at constant pressure of 
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about 20 cm. Let us consider the experiment relative to the bulb placed 
in the axis of the distilling stream (fig. 14). If the stopcock B is opened the 
luminescent region surrounding the bulb moves upwards and is still visible 
more than 15 cm. after the bending of the tube, which stops every a-ray, 
Sometimes with lower pressures of nitrogen, instead of a moving lumi¬ 
nescent column a thin luminous streamlet rises from the bulb as shown in 
fig. 15 and follows the axis of the tube in CK At room temperature and in 
presence of iron oxide, at a pressure of 40 cm. the absence of an after-glow 
was proved by the following method. A system of metallic screens are fixed 
as shown in fig. 16 by the wires /. In a dark room the a-ray pencils which 
pass between the screens are easily visible when nitrogen is present and iron 



oxide spread over the screens. Delicate taps on the apparatus make the 
screens vibrate and the a-ray pencils oscillate. If there was an appreciable 
after-glow of | sec. duration, the oscillation of the a-pencils would have as 
a consequence to broaden them and to contract the dark intervals i. The 
limits of the pencils would no longer be clear when the screens are vibrating. 
This preliminary experiment showed that no after-glow of the order of 
J sec. was visible. The limits of the pencils remained always clear. 

Is it the nitrogen or the mercury which carries the energy in the persistent 
phenomena previously described? To answer this question the following 
experiment was made, fig, 17, Mercury distilling in the lateral tube D is 
irradiated by a-rays in A. The pressxire of nitrogen is of a few centimetres. 
We expected that the glow would begin in A and spread towards X owing to 
diff^on of the nitrogen activated in A. In fact the glow X was seen but 
between A and X there was a dark space which complicated the interpreta- 
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tion. By interposing a screen E of aluminium or lead as shown in fig» 17 
the intensity of this glow increased about tenfold. The experiment was 
reproducible, nothing else being changed. When distillation occurs at a lower 
tem}>erature the luminescence X disapi^ears; with the interposition of the 
aluminium screen, the luminescence X appears again. This green glow is 
less intense than the A luminescence excited by direct a-ray bombardment. 
An exposure of 15 min. gave nothing on the plate. This phenomenon is 
probably due to secondary y-rays. 

Other experiments were made to decide whether it is nitrogen or mercury 
which carries the excitation, but no positive result was found. 



Discussion. Lumine.scence of diatomic mercury 

1 have shown that optically excited mercury fluorescence phenomena and 
a-ray excited luminescence present incontestable similarities. The primary 
process of excitation is however essentially different in these two oases. 

When fluorescence is excited by the core of the resonance line, the mercury 
atom absorbs the radiant energy and the electron is carried from the inner 
or 6^So orbit to the 6*Pi orbit. The resonance radiation results from the 
return of the electron to the inner orbit. 

It is also by an atomic mechanism that an explanation was found 
for the fact that in the triplet (5461, 4358, 4046) the relative intensities 
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of the lines increase from 4 : 2 : 1 to 128 : 32 ; 4 by the addition of a few 
millimetres of nitrogen. This increase of intensity is due to collisions of 
excited mercury with nitrogen molecules which bring about a transfer of 
6 atonxs to the metastable state 0 of longer life and greater chance 
to absorb the 4046 Une. In these collisions nitrogen molecules gain 0-2 V of 
vibrational energy. 

Lord Rayleigh proved by direct exi)eriment8 the presence of metastable 
atoms 6®P2 and 6®Po in the persistent luminosity of the “core effectIn 
the ‘‘wing effect”, the primary process consists in absorption of light by 
diatomic molecules (Rayleigh, he, ciL; Mrozowski 1934* 1937)- This inter¬ 
pretation is based principally on the following facts. 

(1) “Wing effect” fluorescence is not quenched by hydrogen and it is 
known that very minute additions of hydrogen destroy excited mercury 
atoms in the 6 ^Pj or metastable state (Cario and Franck 1922, 1926; Meyer 
1926; Pringsheim and Terenin 1928). 

( 2 ) Application of the direct method for the detection of metastable atoms 
or 6®Pi atoms gave negative results. 

Under the a-ray bombardment the green luminescence apjxears in an 
atmosphere of 20 cm. of nitrogen mixed with mercury vapour, while in the 
absence of nitrogen at the same temperature or at higher temperatures no 
glow can be seen. The mercury vapour absorbs in these conditions a notable 
part of the a-particle energy without producing the luminous phenomenon. 

We therefore conclude that the mercury luminescence results from the 
transfer to mercury vapour of the nitrogen excitation by the a-rays. To 
explain the appearance of the visible triplet ( 6461 , 4368 , 4046 ) one cannot 
think of a mechanism analogous to the one already mentioned about 
fluorescence. Such a process involves only mercury atoms and nitrogen 
molecules. This assumption cannot be admitted, since the indifference of the 
luminescence to hydrogen action excludes a participation of the atoms in 
the mechanism of production of the glow. 

The nitrogen molecules excited by the a-rays transfer their excitation to 
diatomic molecules responsible for emission of the 4860 A continuum. 

It is known that nitrogen excited by an electrical discharge can carry this 
activation several metres away by a moving nitrogen stream. The nitrogen 
con thus be considered as the energy carrier responsible for the persistence 
phenomena which have been described; a-particles have energy enough to 
activate nitrogen. No direct proof was however found to confirm this point 
of view. Similar persistence phenomena have been described by Lord 
Rayleigh in mercury fluorescence where a direct optical activation of 
nitrogen was impossible. 
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Indifference of the luniinesoeuce to hydrogen action indicates that only 
small concentrations, if any, of metastable atoms can be expected to be 
found in the glow carried away with the moving stream. This could be 
controlled by the application of Lord Rayleigh's direct method. Complete 
absence of atoms in the excited state cannot however be deduced from the 
present experiments; new ex|jerimental photometric data would be neces¬ 
sary to distinguish between the dilution effect of hydrogen and a small 
)K»8sible quenching effect. The only indication that a small part of the glow 
may be due to excited mercury atoms is the presence of the visible triplet 
in the spectrum of the glow. This triplet is present in all the “core effect" 
spectra and absent in the “wing effect" glow in which it appears only by 
superheating. 

No definitive mechanism was found to explain how the iron oxide at 
room temperature promotes the appearance of the mercury luminescence. 
We think at the present time that the presence of iron oxide is favourable 
to formation of a mercury explosive nitride. This nitride subsequently is 
locally decomposed by a-rays and liberates a notable quantity of mercury 
vapour which condenses in fine droplets floating in the neighbourhood of 
the bombarded oxide. By illuminating in a quartz tube such a region 
emitting the green glow, with a hot mercury lamp, a yellow light appeared. 
We shall give elsewhere the details of experiments which have been made 
in this direction. Let us mention here that the formation of iron and mercury 
nitrides was revealed chemically and that a very intense glow was found 
when previous nitrification by active nitrogen of the iron oxide occurred. 
In this first work the luminescence observed at room temperatures and in 
distilling mercury were considered provisionally as the same phenomenon. 

I wish to express my thanks to Professor W. Mund who gave me a 
laboratory and facilities to make these experiments and Professor M. de 
Hemptinne who lent me quartz lenses. 


Summary 

It is shown that mercury vapour luminescence phenomena, similar to 
the optically excited fluorescence phenomena, can be excited by a-rays 
excitation in presence of nitrogen. 

The green luminescence renders visible an a-ray pencil by light emission; 
this new method is quite different from the well-known expansion method 
of C. T. R. Wilson. However in this case no individual track was seen. 
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The emission spectrum of this luminescence consists of a visible mercury 
triplet (5461, 4368, 4046), a continuum having a maximum near 4860 A and 
the resonance line 2637 A. 

Persistent phenomena were observed. The spectra and persistent pheno¬ 
mena are similar to the fluorescent phenomena. 

No luminescence can be seen in the absence of nitrogen. In a primary 
process the a-rays excite nitrogen molecules which transfer their energy 
to mercury by collisions of the second kind. 

The green luminescence is extinguished by small quantities of air, while 
hydrogen has no quenching effect. 

This survivance of the glow to the addition of large quantities of hydrogen 
brought us to assume that this luminescence is a sort of ‘‘wing effect'' 
due to the transfer to diatomic mercury molecules of the energy of tlie 
nitrogen molecules excited by a-rays. 
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Dielectric loss due to polar molecules in 
solid paraffin wax 

By I). B, Pblmorb 


{Communicuted by E. F. Appleton^ F.R,8.—Received 27 April 1939) 


iNTRODirCTION 


According to most theories of dielectric loss the maximum rate of change 
of dielectric constant and the maximum value of the specific energy loss per 
unit volume occur at an angular frequency o) (» 27rv) which is the inverse 
of a quantity r known as the relaxation time of the dielectric. 

The relaxation time is the time required for the polarization of the 
dielectric to revert to 1 je of its value after the removal of the applied electric 
field: and this is a quantity which can be determined experimentally. 

According to Debye’s theory of polar molecules, part of the dielectric 
polarization is due to the orientation of the dipoles in line with the applied 
field and the relaxation time is related closely to the time taken for the 
molecules to revert to their random positions after removal of the field. 

On the assumption that Stokes’ law is applicable to the polar molecules, 
it can be shown that 




where a = molecular radius, // = coefficient of viscosity, k ^ Boltzmann’s 
constant. 

'I'hus from the experimentally determined values of r at any temperature 
we can obtain values for the molecular radii of the rotating molecules in 
terms of the viscosity. The method has in fact been used for the estimation 
of molecular weights of substances in solution; thus Bridgemon ( 1938 ) finds 
that the molecular weights of zein, gliewUn, haemoglobin, etc., deduced firom 
dielectric measurements on the solutions in benzene, are in agreement with 
the values obtained from other methods. 

Debye’s theory was based on assumptions which are really valid only for 
gases and dilute solutions of polar substances in non-polar solvents, but the 
work of recent experimenters has shown that the theory is also able to 
explain the observed dielectric properties of many solids. 

Thus Jackson ( 19356 ) showed that the dielectric relaxation time of a 
chlorinated diphenyl was proportional to the macroscopic viscosity over a 
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wide range of temperature and that a change of state from a brittle glaas to 
a mobile liquid did not alter the form of the curves of the dielectric loss as a 
function of temperature. Jackson ( 1935 ^) also found that the behaviour 
of cetyl palmitate (spermaceti) mixed with solid paraffin wax could be 
accounted for on the assumption that the power loss was due to the rotation 
of the polar molecules (or part of them) and that the system had the char¬ 
acteristics of a polar liquid. These experiments are still less amenable to 
interpretation by Debye’s analysis, because the paraffin and the ester 
molecules consist of long, rigid chains of carboii atoms, and it is not per¬ 
missible to liken such to a sphere. Jackson suggested that the polar group 
might possibly be capable of rotation in the ester chain and that a rotation 
of this group did not involve a rigid body rotation of the whole ester mole¬ 
cule. According to this supposition he deduced from Debye’s equation 
(equation 1 ) that the internal viscosity of solid paraffin wax was of the same 
order as the viscosity of castor oil. 

Jackson’s experiments were extended by Sillars ( 1938 ) who studied the 
behaviour of a solution consisting of 5% of various normal esters dissolved 
in the same wax which Jackson had used. Sillars’ experiments showed that 
the relaxation time in this wax depended enormously on the chain length 
of the ester, thus showing that Jackson’s suggestion of free rotation of the 
polar group was untenable: for if this group could rotate without carrying 
the whole molecular chain with it, then the length of the chain would have 
no effect on the relaxation time. Sillars also showed that the relaxation time 
appropriate to a given chain length did not depend on the position of the 
polar group in the chain: thus the relaxation time of butyl palmitate was 
the same as that of ethyl stearate, despite the movement of the polar group 
from a position in the first at 1 / 6 th of the chain length to 1 /lOth in the second. 
The relaxation time increases m the length of the ester chain is increased, 
but becomes substantially constant when the ester is longer than the 
paraffin molecule. 

This paper describes experiments which are a logical extension of Sillars’ 
work. In the main, it examines how the relaxation time is affected by 
altering the chain length of the wax in which a given ester is dissolved: in 
contrast to Sillars who changed the length of the esters dissolved in a given 
wax. 


Methods and apparatus 

The loss angle of a condenser containing the material under test was 
measured at various temperatures and frequencies: the loss angle of the 
material was then deduced after subtracting the previously determined 



ii4ierent oimiit, th» ootMdte)^^ tihe test 

iipeoimen. The condenser was identical in ause and otnisi^djcai adth 
twed by SiUars, and has been described already (SiBan 1938). At radio 
frequencies the loss angle of the oireuit was determined Brom resonance 
ourye obtained by varying a small calibrated oondenser connected in parallel 
with the main oondenser. (In Sillars’ measurements, the resonance curve 
was obtained by varying the frequency, the parameters of the test circuit 
being invariable.) 

The loss angle of the material is given by 


, , „ AC\~AC. C AC\-AC^ 

tan i f - -jg - . 

where C — capacity of test condenser as measured by substitution, 

Cj^ = stray capacities in test condenser and leads (i.e. that part of C 
which is not due to the solid dielectric), 

AOi = width of resonance curve at 1/^2 of its maximum height, 

A C2 =-■ the same width when the test condenser contains only air. 

The value of Cg/C was less than 10 %. 

Experience shows that repeated heating and cooling sometimes alter the 
capacitance by a detectable amount, indicating that the eflective value of 
Cg has increased slightly. For this reason equation (3) must tend to yield 
a value for F which is less than it ought to be: Billars suggests (Sillars 1938, 
p. 69) that uncertainty from this cause may be as much as — 7 %. 

A Sohering type bridge with Wagner earth was used to measure the loss 
angle at frequencies up to 26ko./sec. The methods of preventing conden¬ 
sation and leakage have been described already by Sillars. 


RESUIiTS AND DISCUSSION 


These experiments extend Jackson’s work on mixtures of spermaceti 
with a paraffin wax. For this purpose a number of waxes with different 
setting point were procured and in all cases the form of the curve relating 
loss angle and temperature was similar to that found by Jackson, and is 
described approximately by Debye’s equation 


tan J 


Co-e,) A(i)T 
J(e*e*)-d* + w*r*’ 


(*> 
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where <0 ^ ^ 

ie the dklectrio conetaat for high'-frequency fields, 
tt> is the angular frequency of the alternating field, 
r is the relaxation time of the polar molecules at the relevant tem¬ 
perature. 



It follows from (4) that tan ^ is a maximum when un ^ A, and in practice 
the value of A dijSers very little from unity. When 1, the permanent 
dipoles can rotate freely without appreciable dissipation of energy: when 
wr > 1, the rotation is negligible and hence again the energy loss is very small. 
In general tan S is measured as a function of temperature for some constant 
value of (t). At low temperatures the viscous restraint on the polar mole¬ 
cules is very great, thus making the relaxation time very long: hence 
ojT > 1. At high temperatures this restraint becomes small, and hence 
wr < 1. It is only for a narrow range of tem|)erature that l/r is comparable 
with (i) and within which appreciable power loss takes place. 

tan S has been measured as a function of temperature for several different 
constant frequencies. Jackson made these measurements on a 57-60° C 
setting point wax and showed that if a wax of slightly different setting point 
was used then the curves of tan 8 were shifted along the temperature axis by 
about the same amount as the change in setting point. 

In order to obtain more information about the dependence of relaxation 
time on the nature of the paraffin wax medium, it was thought desirable to 
use waxes with a wide range of setting point. The writer wishes to take this 
opportunity of thanking the Burmah Oil Company for presenting the 
waxes and to members of their Research Department for discussing the 
problem with him and for supplying the following information about the 
samples chosen: 

(1) Fraction (1) from “Match Wax”, s.p. 35*6° C. 

(2) Fraction (6) from “Match Wax”, s.p. 40-2° C. 

(3) Fraction (2) from 130/135° F grade, s.p. 50-0° C. 

(4) Fraction (5) from 130/135° F grade, s.p. 56° C. 

(6) Fraction (2) from 146/160° F grade, s.p. 69-3° C. 

The above samples were obtained by fractional distillation under reduced 
pressure of the specified commercial grades. They probably consist of 
mixtures of straight chain normal paraffins, together with some oily 
impurity. 
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All these fractions were reorystallized twioe from benzene, whioh removes 
the oily impurities: in some cases the setting point was slightly higher after 
reorystallization. Care was taken to remove the last traces of the solvent 
by passing carbon dioxide for many hours through the molten wax. (Note: 
It is important to avoid heating the wax in the presence of air, because 
the oxidation products have a deleterious effect on the dielectric properties— 
see Jackson 1935 a, p. 201 .) 

( 6 ) Residue from 126/130'^ F grade, s.p. 04-3'' C. 

(7) Residue from 145/150° P grade, s.p. 70*1° C. 

Samples ( 6 ) and (7) are believed to contain substantial proportions of 
“iso’* (branched chain) paraffins. 

( 8 ) Wax from “slop wax distillate*’, s.p. 70*3° C. 

This is believed to consist of normal paraffins and required no further 
purification. 

(9) “Sucker rod wax’* no. 2 , s.p. 94*4° C. 

This wax is the highest setting point paraffin procurable from petroleum, 
It is not quite pure and probably contains a small amount of oil: further 
purification, however, is troublesome, because of its small solubility in all 
ordinary solvents. 

In order to obtain a wax having a melting point much lower than can be 
obtained from petroleum, the writer prepared the synthetic hydrocarbon 

( 10 ) Hexadecane, m.p. 16*5° C. Made from cetyl alcohol by converting 
to the iodide and reducing this by means of zinc dust and acetic acid: the 
product was fractionated under reduced pressure. 

The dielectric loss inherent in the hexadecane was measured in the 
temperature range to be used subsequently in experiments on mixtures of 
esters with it: it was found that tan d was too small to measure at room 
temx)erature but increased to 0*3% at —60° C (compare with Jackson’s 
experience, loc. cit., of 0*006 % for 57-60° C wax). This residual loss is 
probably due to impurities: it is, however, small compared with the maxi¬ 
mum values of tan d ( 2*1 %) which occur when the wax contains 6 % of 
spermacete or of ethyl stearate. The value of tan S appropriate to these two 
esters was deemed to be the measured value less that found for the hexa¬ 
decane at the relevant temperature. 

Two further synthetic paraffins were kindly made by Mr E. L. Simons: 

( 11 ) Octadecane, C 19 H 39 , m.p. 27-28° C. From octadecyl alcohol by the 
same method as ( 10 ). 
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( 12 ) Docoaaney m.p. 44® C. From erucic acid. The ethyl ester was 

reduced to ethyl bebeuate with hydrogen using a palladium catalyst and 
this was then reduced by the Bouveault Blanc method to the alcohol 
C 22 H 45 OH, which was then converted to the paraffin as before. 

The effect of temj^erature on the relaxation time of spermaceti in all these 
waxes can be presented conveniently by plotting log 1 // against where 
is the temperature at which tan is a maximum for frequency /, It will 
be remembered that at this maximum eur = i, and hence that 

logl//-log27rT. 



tomfX^ratuTO 

Fig, 1. The temperatures in the figure denote the setting points of the waxes. 
A different sign is used to denote the points for each wax. 


Both Jackson and Sillars found that the relation between log 1 // and 
was linear over a wide range. 

This representation for the waxes ( 1 )-( 12 ) is used in fig. 1 . Doubtless it 
will be noticed that each line in hg. 1 is determined from a few points only: 
since, however, these lines are all sensibly parallel and moreover parallel 
to those obtained by Sillars ( 1938 , fig. 6 ) for various esters in a 67-60° C 
wax, there seemed no doubt that the linear relationship between log 1 // 
and was fulfilled. 

The data summarized in fig. 1 enable us to connect T„ (at any constant 
frequency) and also (at any constant temperature) with the setting 
point of the wax: this is done in figs. 2 and 3 for / « cyoles/sec. and 0 ° C 
respectively. {Note.'. The point in each graph which lies far off the curves 
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refers to a second peak which occurs in the wax of setting point 41 ® C—see 
figs. 6 and 8 .) 

It is interesting to compare these curves with the results of ^llats for a 
series of esters of diflerent chain length in a wax of setting point 67-60® C. 
He considered that the ester rotated as a whole about its long axis and found 
that the relaxation time depended mainly on its chain length and not on the 
position of the polar group: he plotted as a function of the number of 
carbon atoms in the ester chain. It is therefore interesting to try to relate the 
relaxation time of spermaceti with the mean chain length of the wax 
medium. 



Fio. 2. Spermaceti in paraffin wax. Tern- Fiu. 3. Spermaceti in paraffin wax. 

p*>ratwre for maximum tan(5(2’„) and log,, 2vr and setting point of wax. 

getting point of wax. 


As stated previously, there is reason to believe that the waxes 1 - 6,8 and 9 
consisted mainly of mixtures of normal paraffins. The waxes gave sharp 
X-ray powder photographs which showed that the principal chain length 
was approximately that of the pure paraffin having the same setting point. 
Accordingly, in figs. 4 and 6 , and log 2jrr respectively are plotted against 
the number of carbon atoms inferred from the setting point. (The values 
were read from a curve connecting melting point and number of carbon 
atoms) (Moullin 1938 ). 

Spermaceti consists mainly of cetyl palmitate (CijHgiCOOGMHjg), 
together with esters of comparable chain length and a small proportion 
other high aliphatic compounds. Having regard to SiUars’ demonstration 
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that the relaxation time ia inaensitive to the length of the eater chain 
provided this exceeds about 30 carbon atoms, it is considered justifiable, for 
our purpose, to regard spermaceti as though it were homogeneous amd of 



Fio. 4. Spermaceti in paraffin wax. Temperature for maximum tan S (T^) and 
chain length of wax. The point marked thiifu refers to spermaceti by itself. 



Fxo. 5. Spermaceti in paraffin wax. log^o 27rr and chain length of wax. 

chain length 33 (that is, 32 carbon atoms plus one unit for the oxygen link 
in the ester group). 

We must now attempt to interpret the information oontained in figs. 1-5, 
and in particular that the curves in figs. 2-6 all flatten out for the higher 
paraffins, whereas the relaxation time in the lower paraffins is senntive to 


VoJ *7*. A 
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the setting point, a behaviour which has an exaot paraUejl in th» dependence 
of the relaxation time of a aeries of esters in a particular paraffin wax 
(Sillars 1938 ). 

According to Debye’s theory of dilute solutions of polar molecules in a 
non-polar liquid solvent, the relaxation time is given by equation ( 1 ), 

47nio» 

( 16 m) 


kT 


In our experiments, as with those of Jackson and of Sillars, it is not possible 
to assign a value to rj: however, the value of 7 /a* deduced from ( 1 ) is grotes¬ 
quely small (even if a* is taken as 100 A®, the volume of HCO 2 CH 3 , Jackson 
found that the value deduced for Tf was of the same order as that of castor 
oil). It is clear that the Debye theory combined with the strict application 
of Stokes* law cannot be used directly. 

It is clear from the work of Muller and others that in certain circumstances 
long-chain molecules in the solid state are able to rotate about their long 
axes. Sillars considers that such rotation might be the cause of power loss 
in these substances, and the present experiments tend to support this view. 

The restriction of this rotation may be of various kinds. Where X-ray 
examination discloses molecular rotation, the rotation does not occur until 
the temperature reaches a definite transition point which in general is 
near the melting point of the solid. Below this transition point the mole¬ 
cules are able to vibrate about one or other of two equivalent equilibrium 
l)ositions, separated by a potential barrier: the difficulty of surmounting 
this barrier increases with the length of the molecule. If our systems of 
esters and paraffins consist of true solid solutions and the ester takes its 
place in the paraffin lattice, it is possible that the ease of rotation is governed 
by the length of the ester molecule provided this is less than the length of 
the wax and is governed by the length of the wax molecule when this is less 
than the ester. This supposition is supported by consideration of figs. 4 and 5 
and also by Sillars* results: this explanation, however, is not necessarily 
fundamental and moreover it seems unlikely that these systems are true 
solid solutions. 

It is important to know the precise environment of the ester molecules. 
Jackson assumed that spermaceti formed a solid solution with the wax, 
because of the similarity in structure. Some subsequent experimental 
evidence, however, seems to contradict tliis hypothesis. 

The relation between concentration and freezing point was found for 
spermaceti, butyl stearate and octadecyl palmitate in paraffin wax: the 
molecular concentrations were plotted against the fuzing point and it 
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wfts found that the points for all three substances lay on the same straight 
line for ooncentratioifis up to 50 %. The molecular weights calculated from 
the gradient of this line and the oryoscopic constant of the wax (deduced 
from the latent heat) were found to be in good agreement with the known 
values. This is taken as evidence that the systems are eutectics although the 
complete freezing point curves for the binary mixtures show only a slight 
indication of a eutectic point. 
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Fig, 6. Spermaceti, ni.p. 47° C. 

If the mixtures consist of simple solid suspensions then we should expect 
the efrbct of the wax would be small and that the relaxation times would 
differ little from those obtaining in undiluted spermaceti. The dielectric loss 
characteristics of spermaceti itself were measured and the results are shown 
in fig. 6 . Reference to this will show that the absorption curves are similar 
to those obtained by Jackson for 5 % of spermaceti in paraffin wax: more¬ 
over the magnitude of the absorption shows there is no great departure from 
the linear relation between concentration and absorption (Jackson 1935 a, 
hg. 5), Fig. 1 includes a line for undiluted spermaceti and thus indicates 
the manner in which the wax matrix modifies the relaxation time. It will 
be noticed that the absorption curve relevant to a frequency of 3460 ko./sec, 
in fig. 6 is not symmetrical and that tan Jfalls rapidly when the temperature 
is hut a few degrees below the setting point. 
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These curves for spermaceti in aucker-rod wax (a.p. 94* 0) are also 
abnormal in this respect and ate therefore shown in fig. 7. It is signifioant 
that the temperature at which tan S falls rapidly to zero is the same in both 
figures in spite of the high setting point in the latter ease; this suggests that 
the spermaceti is present as a suspension in the sucker-rod wax and not in 
true solution. 
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d'- 

*o 

•/ 


temperature “C 

Fin. 8. 4-68 % spermaceti in paraffin wax, s.p. 41° C. 

An abnormal absorption ourve is shown in fig. 8 and relates to tlm be¬ 
haviour of spermaceti in a wax of setting point 41° C: here ilie ourve has two 
maxima disclosing two possible relaxation times, which probably correspond 
to two different environments of the polar molecules. (Note: Compare 
Sillars’ experience of two relaxation times for an impure sample of butyl 
stearate—see Sillars 1938 , figs. 4,5 and 8 .) It cem be seen from fig. 2 that the 
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lower value otT^ is the one appropriate to a setting point of 41^ C, whereas 
the higher value of is appropriate to a setting point of 70* C. 

The behaviour of spermaceti in the wax of s.p. 35*5* C was normal in 
respect of the shape of the absorption curves but the relaxation times 
(fig. 1 ) are longer than in any other waxes and even longer than for sperma' 
ceti itself. When the temperature reaches 22 ° C the relaxation time changes 
very rapidly with temperature, although the mixture is still solid, a be¬ 
haviour which seems to be entirely analogous with the observation in a 
number of aliphatic compounds in which molecular rotation suddenly 
becomes possible at temperatures a little below the m.p. (for example, see 
Muller 1937 ). 

The behaviour in the synthetic paraffins octadecane (m.p. 27* C) and 
docosane (m.p. 44° C) was similar to that in the natural wax of s.p. 35*5° C; 
it can be seen from fig. 1 that the relaxation times in these paraffins are not 
greatly different from those in the spermaceti alone. 

The absorption curves for the mixture with docosane show a sharp out 
off at about 36* C corresponding closely with the transition point of the 
wax. 

The mixtures with the wax samples ( 6 ) and (7), which are believed to 
contain isoparaffins, gave normal absorption curves and the relaxation times 
correspond closely with the setting points. Thus the line marked 64-3* C in 
fig. 1 is due to sample ( 6 ) and the point marked * on the line marked 70*3* C 
is due to sample (7) which also sets at 70* C but is believed to contain 
branched chains: the extent of chain branching in these waxes is not 
known, and it is not possible to infer the principal chain length from the 
setting point. 

All the mixtures not specifically mentioned gave absorption curves 
exactly similar to those found by Jackson and the points in fig. 1 give the 
regions of temperature and frequency for which the loss angle is a maximum. 

It has been suggested earlier that the dielectric relaxation times of 
paraffin wax media might depend upon the chain length of the polar and 
non-polar molecules, whichever is the shorter. Against this hypothesis it 
has been pointed out that the paraffin wax ester systems appear to be simple 
solid suspensions and not true solid solutions. That the points for spermaceti 
itself in figs. 4-5 do not lie on the curves drawn through the other points 
shows that the chain length is certainly not the only factor: in spermaceti 
itself the relaxation time is longer than in the wax-ester systems at the same 
temperature, showing that there is more resistance to molecular rotation. 

The pcfints relating to mixtures of spermaceti with octadecane, docosane 
and the natural wax of s.p. 36*5* C have not been included in figs. 2-5 
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because it is clear from fig. 1 that these mixtures behaved vesy diffsieatly 
to all others. Fig. 1 may be interpreted as showing that in general there are 
two possibilities for the relaxation time in a wax>qpermaQeti system: either 
it will be substantially independent of the wax and the same as in undiluted 
spermaceti or else it will have a value given by curves 2~S. 

The samples of octadecane and dooosane were made in the expectation 
of obtaining relaxation times intermediate between those of spermaceti in 
hexadeoane and those in the wax of s.p. 41*’ C: as can be seen from Sga. 1-5, 
this expectation was not fulfilled. 

A further attempt to bridge the gap between hexadeoane and the wax 
of s.p. 41° C was made by mixing spermaceti with a mixture of hexadeoane 
and dooosane (SO % of each) (s.p. of mixture, 32° C). In this mixture of 
spermaceti with two synthetic paraffins there were two relaxation times 
corresponding exactly with those in the same paraffins separately. 

Some recent experiments of Mtiller ( 1938 ) show that an increase of 
external pressure not only raises the melting point of long-chain ketones but 
also raises the transition point above which molecular rotation can take 
place. It is possible that the increase of relaxation time with increasing 
setting point of the wax is due to the increased hardness of the latter, which 
increases the relaxation time in the particles of spermaceti in the same way 
as the external pressure would increase the difficulty of molecular rotation. 

The chain-length theory has, however, been taken as a working hypothesis 
and used to suggest further experiments. 

Comparison of the behaviour of ethyl stearate urith 
spermaceti in hexadeoane 

If the chain length of the ester is without effect on the relaxation time, 
provided that it is longer than the chain length of the molecules of the 
paraffin matrix then ethyl stearate (C 17 HMCO 1 C 2 H 5 ) and cetyl palroitate 
(CisHiiCOiCxgHgg) should have the same relaxation time in hexadeoane. 
Experiment showed that this expectation was substantially fulfilled, as 
may be seen by reference to fig. 1 . 

It is interesting to contrast this result with those of Sillars for the same two 
esters in a paraffin wax medium of setting point 67-60° C (chain length about 
26 carbon atoms): 

Temp, for max. loss at Rriaxation time in see. at 

1 mo./aeio. — 20* 0 


^ .... " *■ - 

Paraffin Paraffin 


Ester 

wax, 67-60* 

Hexadeoane 

wax 

Hexadeoane 

Cetyl palmitate 

13-5 

*-^40-5'>C 

l*56xl0"» 

6-84 xlO-* 

Ethyl stearate 

-31 

-432*^0 

znxio-* 

4xl0»» 
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It was found, however, that the absorption in hexadecane was greater than 
in the harder wax media, being about twice as much for ethyl stearate and 
about four times as much for cetyl palmitate: it is hoped that this pheno*' 
menon will be discussed in a later paper. 


Experiments with esiera v>kich conimn two polar groups 

Experiments have also been made with two esters of dibasic acids in a 
paraffin wax of setting point 67-60® C: the esters chosen were diootyl 
sebacate, 

C^n^.OOCiCH^UCOOCsHi, 

and dioctyl azelate, 

C«Hj,OOC{CHg)7COOC^H„. 


The second ester (3'373 % concentration) gave a maximum tan S of 
0*33 %, whereas with the first ester (2*4 % concentration) no loss in excess 
of tan S = 0*026 % was detected in the temperature range — 26 to 4 * 60® C, 
and frequency range 224 to 3400 kc./sec. For the second ester T,„ = — 10 ® C 
for / 224 kc./sec. and — 2 ® CTor / = 607 kc./sec. If these values 

are compared with the corresponding relaxation times obtained by SUlars 
for single esters, it will be seen they are sensibly the same as for a single ester 
of the same total length of chain, suggesting once more that the chain length 
is a predominant factor. 

The sebacate and the axelate differ only in the number of carbon atoms 
separating the polar groups (the number being 8 and 7 respectively). If the 
zigzag chain of carbon atoms is straight and rigid in the solid state then it 
follows that the sense of the components of the dipole moments resolved 
perpendicular to the long axis are opposite in the sebacate and like in the 
azelate. Hence these experiments support the view that absorption of 
power is due to molecules of ester which rotate os a rigid whole (compare 
Wyman 1938 ) about their long axes, the magnitude of the absorption 
depending on the component of the dipole moment perpendicular to the 
long axis. 

A further conclusion may be drawn which may prove to have considerable 
industrial significance. The results obtained clearly suggest that in seeking 
new lowdoss dielectrics among natural or synthetic materials which con¬ 
tain compounds whose molecules are in the form of chains containing polar 
groups, the best results will be achieved if those molecules contain an even 
number of polar groups so arranged that one half of the dipole components 
transverse to the chain have opposite sense to the remaining half. 
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SUMMAEV 

This paper describes an extension of the work of Jackson and Sillars who 
investigated the causes of dielectric loss in systems consisting of paraffin 
wax and an aliphatic ester. 

It confirms their conclusions that the loss in these systems is due to the 
rotation of the polar molecules and can be interpreted in terms of the 
Debye theory. 

The eflFect of diflferent paraffin waxes has been studied and a suggestion 
is made that the dielectric relaxation time of these systems depends mainly 
upon the lengths of the carbon chains of the molecules of the shorter com¬ 
ponent, a conclusion home out very strongly by the comparison of the 
behaviour of ethyl stearate and spermaceti in hexadeoane as compared with 
their behaviour in a natural wax whose mean chain length was approxi¬ 
mately 26. 

Finally experiments were made with esters containing two ester groups 
in each molecule and in agreement with expectations it was found that the 
dielectric loss was positive or negligible according to the relative sense of 
the two polar groups: when these were arranged so that the dipole com¬ 
ponents transverse to the chain had opposite sense, no dielectric loss was 
observed. On the other hand, when the dipole components had the same 
sense the dielectric loss had a maximum value (at any given temperature) 
for a particular frequency and the relaxation time corresponded closely with 
that anticipated from the chain length. 

This appears to confirm the conclusion that the loss is due to the rigid 
rotation of the carbon chains about their long axes, and also to indicate 
that chain compounds containing polar groups should be most effective as 
components of low-loss dielectrics prepared for practical use, when the 
molecules contain an even number of polar groups so arranged that one-half 
of the dipole components transverse to the chain have opposite sense to the 
remaining half. 
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Absorption of penetrating cosmic ray particles in gold 

By J. G. Wilson, Ph.D. 

{Communicated by P. M. 8. BlackeM, F.Il.8.—Received 15 May 1939) 

1. Introduction 

A considerable amount of experimental data on the energy loss of cosmic- 
ray particles in metal plates is now available. Much of this, however, repre¬ 
sents work carried out before the separate nature of the hard and soft 
components was fully understood, so that in many oases unsuitable con¬ 
ditions make the interpretation of the results difficult. The soft component 
is known to consist of electrons, and these predominate in the cosmic-ray 
energy spectrun:i;_for energies less than 2 x 10 *e-volt 8 . It has been verified 
for these electrons that the energy loss by ionization (Corson and Erode 
1938 ) and by radiative collisions (Blackett 1938 ) is in close agreement with 
the theoretical predictions. At energies greater than 2 x 10 * e-volts, very few 
electrons are found at sea level, and for all higher energies the majority of 
the particles are now considered to be mesotrons. These, together with an 
uncertain, but small, number of protons form the hard component of the 
oosmib rays. 

Absorption measurements for the hard component are more difficult than 
for the electrons, since the particles are, in general, of higher energy and the 
loss of energy in an absorbing plate is very much smaller. The early observa¬ 
tions (Blackett and Wilson 1937; Crussard and Leprinoe Binguet 1937; 
Wilson 1938a) lead to the conclusion that at an electron energy 
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s* 300J?p)* of about 6 x 10* e-voite, the total enei^ loss <rf penetrating 
particles was very small—of the same order as that due to ionusti<m alone 
—but that at higher energies, - 1'5 x 10* e-volts, aoonsidenitdBadditional 
energy loss took place, which did not appear to be attributable to the in¬ 
clusion of electrons in the measurements (Wilson 19380). Witi» the com¬ 
paratively thin absorbing plates used, however, it was not oertain that all 
electrons had been excluded from these measurements. 

Recently, measurements of the energy loss in 9 cm. of gold of those rays 
which penetrate a preliminary layer of 15 cm. of lead have been made by 
Ehrenfest (1938), who finds no appreciable energy loss beyond that doe to 
ionization. Ehrenfest concludes that the comparatively large absorption 
mentioned above which is observed for JEg ~ 1*6 x 10* e-volts must be due to 
the inclusion of electrons. In the present series of measurements the ab¬ 
sorbing layer is 2 cm. of gold. Although this thickness is much smaller than 
that used by Ehrenfest, it is sufficient to lead to a complete differentiation 
of behaviour between electrons and penetrating particles (§ 4). 

Our new observations with gold are in general agreement with our earlier 
results with lead and copper. The energy loss at low energies has been 
accmately measured, and it now seems certain that for Eg< 1 x 10*e-volts 
mesotrons suffer no other energy loss comparable with that due to ionization. 
At higher energies the additional eneigy loss is again found, but is now in¬ 
terpreted as due to the presence of a few absorbable particles which are 
probably protons; these are considered in detail in § 6, and it is the presence 
of these rays in our measurements, but not in those of Ehrenfest, which is 
probably responsible for the difference between the two sets of results. 


2. EXPBBtMBNTAI, DBTAHiS 

The genera] considerations involved in cloud-chamber measurements of 
energy loss have already been discussed (Wilson 1938 a), and the methods 
described in the previous work have been followed closely. The number of 
photographs taken is much larger, and although the number selected for 
measurement is also greater than before, a higher standard of photographic 
quality in the tracks to be measured has been reached. It is of interest that 
this more rigorous selection does not seem to have increased the aoouxa(^ 
of curvature measurement, showing that the factors which limit the 
accuracy of measurement probably still lie in the variable conditioos in the 

* is a convenient energy unit whenever the mass of the paitioles involved is 
not specified. For all particles, it approximates to the true energy sHien and 
it is directly proportional to the actual measured quantity p. 
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expansion chamber. The estimates of the maximum detectable energy for 
the present series of measurements are: (i) from tracks in zero magnetic 
held, 1*1 X 10 ^® e-volts; (ii) from tracks in magnetic field (jS?^> 2 x 10 ® e-volts), 
0*9 X 10 ^® e-volts. 

For particles of low energy the accuracy of measurement has been greatly 
increased by the use of a new optical curvature-compensating instrument, 
which has a range up to curvatures of 10 m.~^. The limit below which 
the less accurate micrometer method is used is therefore reduced from 
fffi -3x 10 ® to jffp^WG-cm. 


3. The knbroy loss of penetbating particles 

The mean energy loss of all penetrating particles in 2 cm. gold is given in 
Table I in a form comparable with that used for measurements in lead and 

2 — .B — tJ5/‘ 

copper (Wilson 1938 a). Here Jt ~ j ^ -while is the mean 

absorption cross-section for processes other than ionization as a fraction of 
the electron radiation cross-section. 


Table I. Mean energy loss penetrating particles 
IN 2 CM. gold 


Mean absolute 
anorgy loss in 


Kange of energies in 

No. 



excess of minimum 

E.szSOOHp 

of 



of ionization 

(e-volts) 

tracks 

R 


(in 10* e-voltft) 

2x10*- 4x10* 

19 

0 

0 

0 

4x10*- 7x10* 

30 

0 007 ±0-011 

0 004 ±0-006 

8 ± 12 

7x10*- 10* 

16 

0*092 ±0*016 

0063 ±0012 

166± 40 

10 »-l'6x 10* 

16 

0*136 ±0*027 

0087 ±0018 

340± 70 

l-6xl0»- 2x10* 

17 

-0*055 ±0*049 

- 0025 ± 0 023 

-160 ±160 


These results are compared with our earlier measurements in Table II 
and in fig. 1 . In the table the mean measiued absolute energy loss in excess 
of that due to ionization is given, while in the diagram the absorption cross- 
section is plotted. On either basis of comparison the agreement is satis¬ 
factory for JZ^j< 1-6 X 10® e-volts, but at higher energies the accuracy of 
measumnent is certainly overestimated. The earlier values at low energies, 
where eleotrons were definitely present, are not included. 

We therefore conclude that the measurements in gold are in agreement 
with our earlier observations, confirming the very low absorption at energies 
J?. ~4x 10 *e-volt 8 —-which is now accurately measured—and also con- 
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finning the inci'eaaed energy lose at higher energies ^ lO^e-volts. It is not 
possible at present to decide whether the excess loss is best represented as an 
increased rate of absorption or as a single abaolvie extra energy lorn. 

In the new measurements no electrons are included, and it may be noted 
that in view of the rapid decrease of the known electron spectrum with 


Tabm II, Mean absolute-energy loss, in excess oe ionization, 
OF penetrating particles in metal plates. In 10® K-VOLTS 
( — (dA?/da:)ion= 13*6 X 10® e-volte/cm. load, see Table III.) 


Knorgy range 
o-volts 

2xW- 4x10® 
4x 10®- 7x 10® 
7xl0«- 10» 

10®-1-5 X JO® 
L5x 10®- 2x 10® 


1 cm. lead 

2 cm. copper 

2 cm. gold 

9 cm. gold 
(Ehronfest) 

— 

— 

0 

] 

— 

— 

8 ± 12 

V ~40 

146 ±40 

36 ± 46 

156 ± 40 

j 

1 380 ± 80 

210 ± 60 

340± 70 


460 ±130 

-160 ±160 

— 



Fig. 1. Mean measured cross-section for all penetrating particles for absorption by 
processes other than ionization, expressed as fractions of the electron radiation 
cross-section. 


energy, the low measured values of absorption for 4 x 10®e-volt8 in our 
earlier results provide definite evidence against the presence of an ap¬ 
preciable number of electrons at this energy, and henoe, since the electron 
spectrum is probably monotonic, at higher energies. Therefore we cannot 
consider our previous increased values of eneigy loss as due to electrons. 
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The energy loss for particles of low energy, E^<1 x lO^e-vofta 

In this energy range the ionization along proton tracks would be 
noticeably heavier than normal; no such tracks have been measured, and 
hence this group probably consists entirely of mesotrons. For the range 
2 x 10 ®<JE^^<4x 10 ® e-volts, the measured energy loss in 2 cm, gold is 
(41*4 ± 6*9) X 10® e-volts and for 4 x 10® < < 7 x 10® the loss is (49*0 ± 12*6) 

X 10 ® e-volts. These values are compared in Table III with the theoretical 
energy loss due to ionization, using the values given by Bhabha(i 938 )for 
particles heavier than electrons. It is clear that no other energy loss at 
all comparable with that due to ionization takes place. For all these 
particles the spread of observed values is consistent with the errors of 
experiment as applied to a constant true energy loss, and the measurements 
may be regarded as a direct confirmation of the theoretical value of energy 
loss due to ionization by mesotrotis. The value given by Ehrenfest as 
consistent with his results 

(16 X 10 ® e-volts/cm. Pb) 

is rather larger than our measurement, but he records comparatively few 
particles in this energy range, and of these some reach such a low energy 
that their ionization must be appreciably above the minimum value. 


Table III, Ekkroy loss per cm. lead due to ionization 


Bloch formula, electrons 
Bloch formula, mesotrons 
(/4ss200mo) 

Experimental value, mesotrons 


Energy of particles, = 300H/> 


2 x 10«<F,<4x 10« 
e-volts 


4x )0«<i?,<7x )0« 
e-volts 


20*6 X 10* e-volts 22*2 x 10® e-volts 

13*2 X 10® e-volts 14*0 x 10* e-volts 


(12-1 ± 2-0) X 10* e-volts (14*3 ± 3'6) x 10 * e-voits 


Only two penetrating particles of very low energy, Hp<7 x 10 ®G-cm,, 
were observed, and both of these show the increased energy loss anticipated 
for mesotrons, although neither has reached so low an energy that the in¬ 
crease of ionization in the chamber is conspicuous.* The detailed measure¬ 
ments of these two tracks are given in Table IV, and in fig. 2 they are plotted 
upon a diagram giving the curvature change due to ionization in 2 cm. gold 

* The obsenrved larger change of Hp at very low energies ia due partly to the 
increased vidue of energy loss, and partly to the concurrent increaae of <HHp)/dtl. 
Henoe tiw measured change of Hp increases more rapidly at low energies than does 
the number of ions formed on the tracks in the cloud chamber. 
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for particles of different masses. A track reported by Nishina, Talutichi and 
Ichimiya (1937, 1939) is also included. 

All three tracks are consistent with a mesotron mass of about /i«« 200m„ 
an estimate which is necessarily rough and which may be too high on account 

Table IV. Absorption of single penetrating particles 

OF LOW ENERGY 
(H =10,000 0) 



Hp, 

Hp, 

Hp 

/^Hp 




G-cm. JO-** 


(1) 

7-7 

4 2 

6-6 ±0-3 

2*6 ±0-5 

(2) 

6*5 

2» 

4*2 ±0*2 

2*6 ± 0-3 



Fio. 2. The absorption of slow mesotrons. The curves show the theoretioal ioniaation 
energy loss for various values of particle mass, o Single tracks on 2 oca. gold, show¬ 
ing probable error ol Tip and AHp. O Mean vdlues of AHp for groups of tracks in 
2 cm. gold (Table III). • Track in S-S cm. load—^Nisbina, Takeuchi and lohhniya 
(1937. 1939)- 
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of the increased path travelled due to scattering. The track of lower energy 
(Hp 4-2x 10*G-om.) gives very much the more reliable single point, 
corresponding to the mass /t = (170±20)Wo, in agreement with the value 
jn » (180± 20 ) Wq given by Nishina. It is notable that for this track the 
curvature change is very sensitive to an increase of mass of the particle, 
and that the measurements cannot be reconciled with a mass as great 
as /( » 220mo. 

Distribution of energy loss at higher energies 
The tracks of more energetic particles have been divided into three groups: 
(a) 5 X 10*< lO^e-volts; (6) 10*<£/g<2x lO^e-volts; (c) E^>2xl0^ 
e-volts, containing respectively 46, 32, and 86 tracks. The observations on 
these tracks are given in fig. 3 in diagrams showing the distribution of 




Fig. 8 , Distribution of measured changes of curvature for penetrating tracks 
traversing 2 cm. gold. The numerical values of curvature refer to the photographic 
image and not to the actual track. Photographic magnifications 1/lOth. 
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measured curvature change of the particle paasixig through the gold plate. 
In the first group (a), the curvature change due to normal ionkation has 
already been subtracted from the measurements and the mean value of this 
correction is indicated. This correction is inappreciable for the groups of 
higher energy. The curvature changes in group (c) are assumed to be entirely 
due to errors of experiment^ and so lead to the second value of the maximum 
detectable energy given in § 2 ^The Gaussian curve of these errors is included 
in all three diagrams. In figs. 3 a and b can be seen a group of particles, 
shown shaded) whose measured energy loss is clearly greater than that 
corresponding to the error curve. Nine particles are included in this group 
—about 6 % of all the penetrating particles—and it is the presence of this 
group which results in the mean energy loss being greater than that due to 
ionization (Tables I and II). 

4. Thk identification of klkctbons 

The behaviour of electrons of various energies traversing 2 cm. gold is 
summarized in Table V, the figures of which are deduced from the results 
of Bhabha and Heitler ( 1937 ). 


Table V. Passage of bleoteons thhouoh 2 cm. gold 

(l«8-64) 


Incident energy of electron 

4x10* 

10 * 

2 X 10* e-volis 

Probability that primary particle 
emerges with E> 10* e-volfcs 

^0 01 

<0-01 

0*01 

Probable number of secondaries 
with 10’ e-volts 

2 

6 

12 

Probable number of secondaries 
with 10* e-volts 

^001 

<01 

0*5 


Prom these values it is apparent that for all energies of an incident 
electron the presence of a single particle below 2 cm. gold is improbable, and 
that when it does occur, the energy of the outgoing particle will be of the 
order of 10 ’ e-volts. The probability that it will have an energy greater than 
10 ® e-volts is always negligible, for the plate thickness is greater than 
that required for a small cascade shower to reach maximum intensity, so 
that an incident electron will appear, if at all, beneath the plate as a cascade 
shower in its later stages. 

Accordingly, all particles which pass through the gold plate without the 
production of secondary particles and emerge with energy greater than 
10 ® e-volts* are not normal electrons. 

* For incident penetrating particles of energy lower than 4x W e-vClts an 
emergent energy less than 10^ e^volts can give an equally valid criterion. 
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No such particles have been observed in showers incident upon the gold 
plate from above the apparatus, in agreement with the observation of 
Janossy ( 1938 ) that the number of penetrating particles in showers is 
very small. 

The production of electron secondaries from penetrating particles by 
elastic collision, and in particular the cascades arising from these electrons, 
might occasionally lead to doubt as to the nature of the primary particles. 
In practice no oases have been observed in which there was any ambiguity. 

6. Discussion of results 
6 * 1 , Low energies, E^<1 x 

Our measurements for these energies, summarized in Tables III and IV, 
and those due to Ehrenfest ( 1938 ) indicate that at low energies mesotrons 
suffer no other energy loss in dense materials comparable in magnitude to 
that due to ionization. The spontaneous decay of mesotrons is only ap¬ 
preciable in a gaseous absorber. 

It is therefore evident that interaction with nuclear particles plays very 
little part in the absorption of mesotrons at low energies, and that at these 
energies a few multiples of the theoretical cross-sections for 

various processes given by Heitler ( 1938 ) are greatly overestimated. 

The complete absorption of mesotrons by the processes 

Y+^N ^ P^hp a,nd Y-^P=^N^hp ( 1 ) 

is of particular interest, since the reverse process, for which a similar cross- 
section may be anticipated, leads to the creation of mesotrons by radiation 
and so might be the origin of the hard component in the upper atmosphere. 
Heitler has considered (1) and the reverse processes 

N^hp:^P^Y- and P + hp^N^Y^ ( 2 ) 

from this point of view, and has given an estimate of the cross-section for 
both ( 1 ) and ( 2 ) which must occur if process ( 2 ) is to be an important factor 
in the birth of mesotrons. We distinguish between very low energies 
(^kxn where the theory may be valid and the higher energies for which 

a cross-section for ( 2 ) is estimated to give a reasonable mesotron production. 
Our experimental arrangement is not particularly suitable, nor have enough 
tracks been observed, to give a verification in the first case (E^m </«;*); but 
for partioles of higher energy the data of Wilson ( 19386 ) and others on 
electrons arising from penetrating partioles is inconsistent with the cross- 
section suggested by Heitler (see § 6 * 2 ). It is therefore unlikely that the 
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process (2) is important in the formation of the mesotron component near 
the top of the atmosphere. 

The treatment given by Heitler also suggests that single scattering by 
the constituent nuclear particles will be very important at low energies 
(J^kin the range determined by this process alone being of the order 

of 2-6 cm. lead. Measurements of scattering have been made for energies 
only very little higher than those for which the theory is developed. The 
scattering of a group of 31 mesotrons 

0*3 < i/p < 1*7 X 10*G“Cm. 

was examined; the mean multiple scattering for these particles was 
( 0*61 ± 0 * 06 ) degrees X i/p/10®, in agreement with our former results 
(Blackett and Wilson 1938), and also with the theoretical value 0*60 for 
scattering in the shielded atomic Coulomb field alone (Williams 1939). Thus 
for kinetic energies a little greater than the particle rest mass, no anomalies 
either of scattering or of energy loss are observed and it seems certain that 
the cross-section given by Heitler is not of the correct order of magnitude at 
these energies. 

A more detailed account of measurements of mesotron scattering and of 
their bearing upon short range forces for the mesotron will be given else¬ 
where. 




4 < <4*1 for u = 20Chn| 


0) 


6*2. Electron secondaries arising from penetrating particles 

The direct measurement of energy loss (Table III) gives experimental 
verification of the theory of ionization for mesotrons of moderate energy. 
There are, therefore, strong reasons for supposing that the theory will give 
correctly the equilibrium number of electrons accompanying a beam of 
penetrating particles, which have arisen by collisions. This number will 
include both electrons to which energy has been given in elastic collisions 
by the mesotrons, and also other electrons arising from these by cascade 
multiplication, the latter being associated near their origin to form a shower 
of electrons. The theory of production of this electron component has been 
given by Bhabha, (1938) and the experimental evidence (Wilson 19386; 
Trumpy 1938; Hopkins, Nielsen and Nordheim 1939; Lovell 1939) shows 
that it does in fact account for all electrons associated with the penetrating 
component under dense matter. The measurements give no indication of 
any other process of electron production of comparable magnitude, and are 
directly opposed to the large cross-section for mesotron absorption given by 
Heitler (equation (1)). AU the measurements referred to are of the equili- 
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brium ratio of electrons to mesotrons under a layer of dense matter. In the 
atmosphere, when not under dense material, we expect in addition an 
electron component arising from the spontaneous decay of mesotrons. 

5 * 3 . High energies^ 1 x 10 ^ <E^< 2 x 10 ^e-voUs 

The measurements of particles in this energy range are given in Tables I 
and II, and indicate an excess energy loss which is in satisfactory agreement 
with our earlier measurements. There is an apparent discrepancy between 
these results and those of Ehrenfest which show no comparable excess energy 
loss over that due to ionization, 

Ehrenfest, however, observed only particles which penetrated at least 
30 cm. lead equivalent, while our experiments, although made under various 
conditions, never imposed a minimum range greater than 8 cm. lead. Hence 
although Ehrenfest would have observed with greater facility any large but 
rare energy loss of * the predominant mesotrons, his arrangement would 
exclude a small entrant grouj) of more absorbable particles. We therefore 
conclude that the excess energy loss must be attributed not to a rare process 
of the mesotrons, but to the presence of a few more absorbable particles, 
represented by the shaded parts of figs, 3 a and b. Thus the absorption of 
mesotrons mainly by ionization, which is proved (§6*1) for low energies, 
probably extends to much higher energies. 

The possibility that the measured curvature change for these particles 
arises from an undetected systematic error cannot be completely excluded, 
but this interpretation is difficult to reconcile with the general consistency 
of all the remaining measurements. All tracks showing large curvature 
change have been measured independently by two observers, and the 
measurements were in every case in agreement. Further exj)eriments are 
certainly needed, however, to establish definitely the existence of the more 
absorbable particles. 

Of the nine absorbable particles, which we now consider separately, eight 
are positive: the single negative particle lies close to the main mesotron 
distribution, and may well belong to it. One of the particles (positive, 
1*9 X 10®e-volts) is observed to stop completely, and may represent a 
mesotron absorption process, as, for example, the production of an un¬ 
charged mesotron. 

It seems most probable that the remaining seven positive particles of this 
group are protons, and they represent about 7 % of the penetrating particles 
in the energy range in which they lie, in good agreement with existing 
estimates of the number of protons (Blackett 1938). But if this is so, in at 
least three oases the outgoing particle cannot still be a proton, for it shows 
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normal ionization at an energy for which a proton would ionize heavily. 
Under these conditions, the observed change of curvature is not a measure 
of energy loss, and the numerical values are not of immediate interest* 

We therefore consider the possible existence of a process by which a 
proton interacting with a nuclear field can produce a mesotron. If this is the 
correct interpretation, the cross-section for this process must be very large, 
as compared with very small cross-sections for the processes already con¬ 
sidered (§fi'l). 

That the main production of mesotrons in the atmosphere arises from 
heavy particles has already been suggested by Johnson (1938, 1939), and 
support is afforded for this view by the doubt now thrown on the frequency 
of their production by photons (§§ 6-1, 5 * 2 ). The former process must clearly 
involve very rapid absorption of protons in the atmosphere, an absorption, 
in fact, comparable with that observed in gold. It is probable that the same 
process will be observable under cloud-chamber conditions at sea level, 
where, however, aU the protons will presumably be of secondary origin. 

It is unsatisfactory that, while a considerable momentum loss is in every 
case involved, no abnormality of scattering can be found for these tracks. 
Further and more accurate experiments are necessary to remove this 
apparent contradiction in the results. The direct distinction of fast protons 
and mesotrons, possible in principle by measurements of track ionization, is 
also of great importance if processes of this type do occur for protons of high 
energy. 


6. The association of pbnetratino pakticlks 

The presence of two penetrating particles in a single photograph may arise 
either from a real association of the particles, or else from the random entry 
of two unconnected particles in a certain short time interval. We estimate 
that tracks are visually contemporary, under the conditions of our observa¬ 
tions, if they enter the chamber separated by less than 1 / 60 th sec., while the 
mean time separation of penetrating particles entering the counter-con¬ 
trolled solid angle of the cloud chamber is 80 sec. Since only one of the 
particles need pass through the counter system, and the other may lie in a 
solid angle estimated as three or four times as large, random association 
should take place for about 1 in 1000 photographs. Actually of 900 photo¬ 
graphs in this series, two show penetrating particles associated. One of these 
is certainly a random association; the other, winch shows exceptional 
features, will be discussed elsewhere. 

Our photographs, therefore, give no definite evidence for the association 
of penetrating particles at sea level. 
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I am indebted to Professor P. M. S, Blackett for the opportunity of using 
the large magnet, for his advice and for many discussions. My thanks are 
also due to Mr A. H. Chapman who took all the photographs. 

Summary 

Absorption measurements of the penetrating component of the cosmic 
radiation have been made by cloud-chamber observations of the curvature 
change of tracks in a field of 10,000 G, using a gold absorber 2 cm. thick. 

At low energies (^^<7 x 10®e-volts) the measurements indicate an ab¬ 
sorption due entirely to ionization; from a track of very low energy 
{E^<2x 10® e-volts) the increase of this absorption leads to an estimate of 
the mass of the mesotrons of fi (170± 2O)m0. There is no indication of 
cross-sections for interaction of mesotrons with nuclear particles of com¬ 
parable magnitude to that for absorption by ionization. 

At higher energies 7 x 10®e-volts) a few particles were observed 
which ap|>eared to undergo greater absorption, and these are shown to 
be in agreement with our previous measurements. Experiments due to 
Ehrenfest make it unlikely that these particles belong to the predominant 
group of mesotrons, and it is probable that they are protons. Since the 
particle emerging from the gold plate is, in some cases, definitely not a 
proton, this hjqjothesis suggests a strong absorption of protons with the 
production of mesotrons in 2 cm. gold. A similar process has been suggested 
by Johnson for the production of mesotrons in the upper atmosphere. 
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The electrical conductivity of thin films of mercury 
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1. Introduction 

In the present paper an account is given of experimental measurements 
on the electrical conductivity of thin jSlms of mercury prepared by evapora¬ 
tive deposition in a high vacuum according to the technique described in 
previous papers (Lovell 1936; Apideyard and Lovell 1937). 

In a brief preliminary note (Appleyard 1937) we have pointed out that 
the results for mercury are very different from those for the alkali metals, 
and that in particular a considerable thickness of mercury must be de¬ 
posited on the pyrex surface before conductivity begins. We have since 
confirmed and extended these observations, obtained accurate absolute 
values for the thickness of the films, investigated their stability, and made 
an extended study of their temperature coefficients after heat treatment. 
A comparison with the resiilts of previous workers is given later. 

2. Apparatus and measuring methods 

The experimental tubes in essentials were similar to that described by 
Lovell and need not be described. Vacuum technique, and methods of 
distilling the pure metal were also similar, though, owing to the higher 
vapour pressure of mercury, we were able to use an oibbath thermostat to 
fix the vapour pressure of the mercury in the oven. 

The film was in the form of a strip deposited across current electrodes of 
colloidal graphite and platinum. In some of the experiments the potential 
leads were embedded in the edge of the graphite as in Lovell’s tube (Lovell 
1938), in others separate potential electrodes of colloidal graphite touched 
the edge of the strip. 

A first approximation to the intensity of the atomic beam may be 
calculated by the use of the gas kinetic formula for effusion from a small 
aperture at low pressures. But some atoms are also scattered from the 
concave diaphragm through which the pinhole is pierced and a certain 

♦ 1 regret to record the death of Dr Appleyard since this paper was oommunioated. 
A. M. T. 
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proportion of these will pass through the main slit system and contribute 
to the atomic beam. This extra contribution cannot easily be calculated 
and the beam must therefore be calibrated directly in some way. The 
ionization method used in the case of the alkali metals could not be applied 
to mercury because of its high ionization potential. We were therefore 
driven to use the method of direct weighing. A cooled gold plated silver 
sheet was placed in the path of the beam for a period of about 24 hr., and 
the deposit of mercury weighed upon a Sartorius microbalance sensitive to 

10-«g. 

From the mass deposited the rate of deposition at the surface could be 
calculated in A/min. We took careful precautions to make certain that all 
mercury atoms striking the plate arrived at all times from the direct beam, 
and also to ensure that leakage of atoms from the pinhole before the 
steel ball was actually raised could contribute only a negligible amount to 
the total mass deposited. 

The results were consistent to about 3 % provided the vacuum in the 
experimental tube was adequate. The calibration showed that the true 
deposition rate could be obtained by multiplying the rate obtained from 
the effusion formula by a factor var3dng between M 3 and 1*35 for different 
tubes, and that this factor (as might be expected) de|)ended on the geometry 
of the slit system. 

Resistances were measured with a Wheatstone Bridge or by potentio- 
metric comparison. It was convenient to detect the onset of conductivity 
by means of a small potential applied to the film and a sensitive galvano¬ 
meter in series. By means of a switching gear it was possible to pass 
rapidly from one method of measurement to another, so that the resistance 
could be followed at short intervals as the deposition proceeded, 

3. Resuxts 

We have already indicated the types of resistivity-thickness cuiwes 
obtained for mercury on pyrex (Appleyard 1937). For completeness in 
fig. 1 a, 6 we show the more precise and consistent residts obtained since 
that date. Ordinates are resistivities in ohm cm., abscissae are thicknesses 
obtained by direct calibration. Rates of deposition were between 6 and 
9 A/min. and between these rates the curves obtained were practically 
identical. The curves show that at temperatures of 64 ® K or below the 
resistivity of the films rapidly approaches a constant value as the thickness 
increases once conductivity has begun. At a deposition temperature of 
64 ® K this constant value does not much exceed that of the bulk metal at 
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the same temperature; but at a deposition temperature of 20° K it is 
considerably in excess of that of the bulk metal at 20° K. 

In contrast to the results for the alkali metals local baking of the 
condensing surface had no detectable ^ect on the results obtained. 



thickness in A 

Fig. 16. Resistivity-thickness curves. 

Variation in the vacuum conditions similarly had no effect over the range 
of pressure between 6x 10-® and 3x 10"’ mm. Hg, though we made no 
extended investigation of the effect of residual gas since this had already 
been done very systematically by Johnson and Starkey (1935). 

The results obtained with one and the same tube were very consistent. 
(The thickness of the curves for deposition temperatures of 20, 64 and 
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90 ® K is intended to indicate roughly the mean deviation from the mean 
in successive depositions.) Moreover, the resistivities obtained in these 
experiments all lie far below the values obtained for mercury films by 
previous workers (Braimbek 1930; Fukuroi 1936). Exact comparison is 
difficult, since the influence of deposition temperature on resistivity does 
not seem to have been previously investigated, but we may quote some 
representative results. Examination of fig. 1 shows that at all thicknesses a 
deposition temperature of 90 ® K gives films having the highest resistivity. 
At 4300 A, Braunbek quotes a resistivity of 4*3 x 10"^* ohm cm. for films 
deposited at liquid air temperatures, whereas our films had a resistivity 
of only 1*3 X 10~® ohm cm. at this thickness. Similarly, Fukuroi (1936) 
apparently gives a specific resistance of about 10“^ ohm cm, at a thickness of 
2000A; our results give only about 2 x 10'^ohm cm. at the same thickness. 

We can only conclude that a somewhat more scrupulous vacuum 
technique and the absence of volatile impurities is probably responsible 
for the much lower results obtained by us. 

The results for successive tubes agreed well in the region of high re¬ 
sistivities. Fresh deposition surfaces immediately sealed into the apparatus 
gave the same critical thickness at 64 ® K to within about 6%. At thick¬ 
nesses in the region of constant resistivity (fig. 16 ) we found small con¬ 
sistent deviations between results for successive tubes to which we shall 
refer later. 

The graphite current leads had proved quite satisfactory in making 
contact with alkali metal films less than 1 molecular layer in thickness, so 
it seemed improbable that the phenomenon of delayed conductivity 
observed with all mercury films could be due to an effect of poor contact 
between the current leads and the film. Nevertheless, to test this point 
we used in one case current leads of chromium evaporated upon the pyrex 
surface. The same large critical thicknesses were reproduced at deposition 
temperatures of 64 and 90 ® K, and they agreed to within 10% with those 
obtained using the standard electrodes. At deposition temperatures of 
20 ® K the critical thicknesses obtained with the chromium electrodes were 
more capricious and on the whole smaller than those obtained using 
standard electrodes, but owing to the |)ossibility of a permanent con¬ 
tamination of the surface during the preparation of the chromium 
electrodes, and to the tendency of the electrodes to break up on any 
rigorous heat treatment which made subsequent cleaning difficult, we are 
nqt inclined to attribute much significance to the deviations. We therefore 
conclude that the delayed conductivity is a property of the films themselves 
and is not caused by any effect at the electrodes. 
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The temperature coefficients of resistance of the films were ail positive 
and reversible, provided the films were first annealed at the highest point 
of the temperature range within which it was desired to investigate the 
temperature coefficient. This was true for all temperatures of deposition in 
the range between 20 and 90 ° K and for all film thicknesses. 

Fig. 2 a and b shows a family of resistivity-temperature curves after 
annealing at 90 ° K. Ordinates are resistivities in ohm cm., abscissae are 
temperatures in degrees absolute. In fig. 2 h electrode arrangements were 
similar to those used by Lovell (1938) in which the potential electrodes 



Fig. 2 a, 6. Resistivity-temperature curves. 

were embedded in the edge of the current leads, so that a small length 
(about 6%) of the strip being measured overlay a surface of colloidal 
graphite. In fig. 2 a the potential electrodes were wedges of colloidal 
graphite which touched the edges of the film at points about 8 mm. apart. 
In these results therefore the section of film whose resistance is being 
measured lies entirely over a pyrex surface. 

For both series of results all films above 600 A in thickness deposited at 
64 or 20 * 4 ° K and afterwards annealed to 90 ° K show resistivity-tempera¬ 
ture curves which are very nearly parallel to that of the bulk metal. In 
fact, over the temperature range shown the difference of the film resistivities 
is on the average within 6% of the value for the bulk metal as 
obtained by extrapolating Sckeirs results (Sckell 1930) between the same 
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temperature range, and this is within the limits of experimental error, (The 
values for the polycrystalline metal with random orientation have been 
calculated from the results for single crystals parallel and perj)endicular 
to the axis.) The excess of resistance over that of the bulk metal for these 
films can then be regarded merely as an additional ‘"residual resistance” 
which is dependent on thickness and also to some extent upon heat treat¬ 
ment. It was found that long annealing at 90 '^ K produced a slow secular 
fall of residual resistance although most of the annealing was over in a 
few minutes. Comparison of fig. 2 a and 6 shows that on the whole the 
resistivities in fig. 2 h are somewhat higher than those in fig. 2 a at one and 
the same thickness. As we have mentioned above, the results for fig. 2 b 
differ from those for fig. 2 a only that for the former the resistances measured 
include those of a small section of film superposed upon a section of the 
graphite current electrodes. It follows that the sections of the film so 
8U])erposed must have a higher strain resistance than those sections upon 
bare pyrex. 

We have also previously referred to the small systematic variations of 
resistivity at large thicknesses which were observed between the results 
for successive tubes. This must be attributed to slight variations in the 
length of the film superposed upon the graphite, for from the method of 
preparation of the electrodes the disposition of the potential leads with 
respect to the graphite edges was not entirely reproducible. Thus the ends 
of the film lying over the graphite would add varying amounts of strain 
resistance to the measured resistivities. 

In Table I some representative results are assembled in a different form. 
The columns show the total thickness of the film, the deposition tem- 
|3erature, the resistivity at the deposition temperature immediately after 
stopping deposition, and the resistivities at the highest and lowest points 
of the range over which the temperature coefficients were determined. 
Subscripts are temi)eratures in ® K. 

For the films deposited at 64 "" K the resistivity measured at this tem¬ 
perature suffers an irreversible diminution on annealing at 90 "" K, obviously 
due to the lessening of the residual resistance. 

The results for depositions at temperatures of 20 * 4 ^ K are interesting, 
for they show that low deposition temperatures favour a high residual 
resistance. Pma^Pu*2 for these films is substantially the same as the 
corresponding value for the bulk metal. Hence although the resistivities of 
the film are far in excess of those of the bulk metal at the same tem¬ 
perature, this increase may justifiably be attributed to residual resistance. 
On annealing at 90 ° K the films lose most of this excess resistivity however 



Tablk I 

Deposition 

Series Thickness tonp. T 

no. A Pj. Pm Pm Pm^Pm Remarks 

1 1687 90 3*46 (3*46) 2*64 0*92 “Embedded electrodes”, tube Aj 
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♦ Bedstivitiee p are in ohm cm, x 10* and subscripts refer in all cases to temperatures in d^rees absolute, p^ is the resistivity 
unediately depositimi stops at the temperature of deposition. 

In the la^ two films mentioned (17) and (18), the temperature coefficients between 20*4 and 14*2® K were determined without 
mealing, aft^ deposition at 20*4^ K, 
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and behave like a film of the same thickness deposited at 64 ® K. An 
example is indicated in the table. 

The results are very similar to those of Suhrmann and Barth (1937) for 
copper films and to the results of Lovell (1938) for very thick deposits of 
the alkali metals. 


4. Discussion 

In a previous paper (Appleyard 1937) one of us has put forward a 
picture which accounts for these results in broad outline, and which needs 
little modification to include the results on temperature coefficients quoted 
here. According to this model the mobility of the mercury atoms over the 
glass surface, even at the lowest temf)erature8 of deposition, is so large that 


film a 



Pyrex aurtwce 



lyrex surface 
Fio. 3 


separate agglomerateij are formed in the initial stages of deposition and 
only when they touch does conductivity begin. This is consistent with the 
very sudden increase in conductivity which occurs when the critical thick* 
ness is exceeded, and also with the observation that the critical thickness 
increases with the temperature of deposition (Appleyard 1937). In fig. 3a 
is represented a section of deposited film in which conductivity has just 
not yet begun; in fig. 3 h deposition has continued until the initial roughness 
due to agglomeration has become but a small fraction of the total thick¬ 
ness. If the film in fig. 3 6 has the same crystal structure as the bulk metal 
its “nominal” resistivity should be the same as that of the bulk metal 
within the limits of error given by the ratio of the roughness to the average 
thickness, and these roughnesses at most should be of the order of the 
critical thickness. 

This is what is actually found, except that as Table I shows there is a 
residual resistance dependent on thickness and on heat treatment, which 
also increases as the deposition temperature is lowered. In a previous 
communication (Appleyard 1937), it was suggested that the greater part 
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of this residual resistance arose from the surfaces of misfit between the 
microcrystals composing the film. This apparently is also the view of 
Fukuroi (1937) though the changes of resistivity for his films, which were 
made of higher melting-point metals, were considerably greater. But we 
are now inclined to believe that the influence of the atomic forces at 
the pyrex stibstrate interface also plays a large part in distorting the 
mercury lattice and in thus introducing extra strain. (Fukuroi (1937) has 
also pointed out the influence of the substrate in affecting recrystallization.) 
The strain so introduced would extend upwards from the interface, gradually 
diminishing through the body of the film. This factor would account for 
the greater residual resistance in the case of the thinner films. 

Whether the shortening of the effective mean free path of the electrons 
by collisions at the boundaries of the films (Lovell 1936) plays any part in 
accounting for the excess resistance of the films above the bulk metal 
cannot be definitely decided, since estimates of the mean free path are 
difficult for mercury, and the coherent films are so thick that the effect 
would not be very pronounced. Fuchs (1938) has indicated also that in 
the case of films of caesium a rather large fraction of the electrons must be 
specularly reflected and this factor would also tend to diminish any supple¬ 
mentary resistance from this cause. But to disentangle the excess from 
effects of strain and disintegration is diflioult, and there seems no doubt 
that strain is the jjreponderating factor, since it can be affected by heat 
treatment. To summarize then, the thicker films we have been discussing 
so far can apparently for practical purposes be regarded as slices of the 
bulk metal having irregulaiities in thickness of the order of the critical 
thickness, and an excess resistance due to strain. 

There is little to be said concerning the temperature coefficients of the 
films which are not coherent, e.g. Table I, films nos. 1, 2 and 3 deposited 
at 90° K, films nos. 4 and 5 (thin films) deposited at 64° K. The excess of 
resistance over the bulk metal is not entirely due to strain, but must be 
accounted for by geometrical disintegration, since the values of for 

these films are in excess of those for the bulk metal (Lovell 1938). 

There is one other point to be mentioned. We believe that the simple 
agglomeration hypothesis is quite adequate to account for the large critical 
thicknesses at deposition temperatures above 64° K, as is shown by the 
visible roughness of the deposits at 90° K, and the observation that films 
not much in excess of the critical thickness are perfectly stable when 
retained at that temperature but show a ‘‘decay*’ of conductivity when 
raised to higher temperatures, which would be expected on an agglomera¬ 
tion hypothesis. But at dej^osition temperatures of 20*4° K or lower (in the 
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following paper depoBitions carried out at 4 * 2 ® K are described) there 
still exists a critical thickness of about 15 atomic layers, It seems impossible 
that at these low temperatures the mobility of the mercury atoms can be 
sufficiently great to allow agglomeration. 

It therefore seems possible that mercury deposited at very low tem¬ 
peratures may exist in a non-conducting modification in very thin films. 
Dr Skinner* of this laboratory has obtained indications that this may 
indeed be the case for thin films of beryllium by examining their soft 
X-ray emission bands. 

We are indebted to Professor A. M. Tyndall for liis constant interest in 
the work. 


StTMMAEY 

The electrical resistance of mercury films deposited in very high vacua 
on surfaces cooled to various temperatures between 20-4 and 90 ° K has 
been investigated. The thickness of the films has been estimated by direct 
weighing to 3%. The results indicate that the delayed appearance of 
conductivity as deposition proceeds is due to agglomeration of the mercury 
into solid droplets, and that the cause of the sudden onset of conductivity 
is the touching of these dro])lets. The temperature coefficients of resistance 
of these films are all positive and reversible after annealing at the highest 
point in the temperature range. From a study of these coefficients it 
is concluded that films above 500 A in thickness deposited at 64 ° K or 
lower can be regarded as coherent slices of metal, differing only from the 
bulk metal in being strained and in possessing a high residual resistance 
which can be modified by annealing treatment. 
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L Mercury 

By E. T* S. Applbyaed,* J. R. Bristow, 

H, London and A. D. Misenbb 
H. H. Wills Physical Laboratory, University of Bristol and 
Royal Society Mond> Laboratory, Cambridge 

{Communicated by A, M, Tyndall, F.R,S,—Received 26 May^WS^) 

1. Introduction 

This paper describes the results of measurements of the superconductive 
proi)ertie8 of thin films of mercury prepared according to the method 
described in a previous publication (Appleyard and Bristow 1939). Previous 
workerst on the superconductivity of thin films (Sizoo and Onnes 1925; 
Burton, Wilhelm and Misener 1934; Misener, Smith and Wilhelm 1935; 
Misener 1936; and Shalnikov 1938) have not been able to distinguish 
definitely between the effect of the finite size of their specimens (which is 
the feature primarily interesting from the theoretical point of view), and 
effects due to their uncertain structure which is often profoundly affected 
by the methods of preparation of the films. In particular they have not 
been able to show that the magnetic threshold value of their films 
approaches the value for the bulk metal when the thickness of the films is 
sufficiently increased except at very great thicknesses. Shalnikov (1938), 
for example, has performed a series of experiments on superconducting 
thin films of lead and tin. But his thickest films seem to have had a critical 
field 2-3 times in excess of the bulk metal, and hie results seem not to 
have been very reproducible (Shoenberg 1938). 

Pontius (1937) also obtained definite indications of a size effect with fine 
wires of very pure lead, but the difference in behaviour from that of the 
bulk metal was small. Results from wires are certainly reliable for the 
dimensions obtainable, but the difficulty of drawing a wire thinner than 
about 10“'* cm, sets a limit to the scope of the method. 

On the other hand, by the method of evaporation (Appleyard and 
Bristow 1939) we succeeded in preparing films of a thickness of less than 

* I regret to record the death of Dr Appleyard since this paper was communicated. 
A. M. T. 

t Shoenberg ( 1938 ) provides a discussion of the sigzufioanoe of results arising from 
the investigation of superconducting bodies of small dimensions, to which we refer 
the reader. 
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10“^ cm. which seemed to have all the necessary characteristics for 
extending the experiments into the range of smaller thicknesses. Their 
properties are reproducible and differ only from those of the bulk metal in 
the following ways: (a) they may be disintegrated owing to initial agglo¬ 
meration; (b) they may have a comparatively large residual resistance due 
to strain in the lattice. These factors can be controlled to some extent by 
varying the deposition temperature and by altering the degree of annealing 
respectively. Thus we have been able 
to show that the sui)erconducting 
properties of the films are insensitive 
to variations in either of these factors; 
and that in consequence we may state 
with some assurance that the experi¬ 
mental restilts depend merely on the 
size of the films and are independent 
of their structure. 

Our measurements show that the 
critical magnetic fields required to 
restore normal conductivity are larger 
for thin films than for the bulk metal, 
and this is in general agreement with 
Shalnikov’s results. But the most 
important inference from the mea¬ 
surements is that the so-called depth 
of field penetration increases rapidly 
as the temperature of the sf)ecimen 
approaches the transition tempera¬ 
ture (Appleyard, Bristow and London 
1939 )- 

2. Appahatus 

The experimental tubes and the 
vacuum technique used in these ex¬ 
periments were in most essentials 
identical with those described in the 
previous paper (Appleyard and Bris¬ 
tow 1939). The arrangement is shown 
in fig. 1 (see Lovell 1938) which is self-explanatory. For cooling the prepared 
film to superconducting temperatures, or for deposition at temperatures 
below 4 > 2 '’ K, liquid helium had to be introduced into the intemal pocket J. 


to pumps 
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To economize in liquid helium the liquid nitrogen jacket surrounding J was 
therefore made longer to minimize absorption of radiation. With these 
precautions a single filling of liquid helium lasted over 4 hr., which was long 
enough for the properties of the film to be fully investigated. 

The pumping system was permanently attached to the exjierimental 
tube and was kept running throughout the experiments so that the films 
were surrounded by a good vacuum during their entire existence. 

In these experiments films deposited on two forms of surface were 
employed. They are shown in detail below, fig. 2. One was identical with 
a type described in the previous paj)er (Appleyard and Bristow 1939), the 

(a) (b) 



Fio. 2. The two types of depositing surfsK^e. 


film being deposited in the form of a strip. Electrical contact to the film 
was made by graphite current leads which overlapped the film. Potential 
leads also of graphite touched the sides of the film to enable accurate 
resistance measurements to be made (fig. 2a). The early investigations 
were made with this arrangement which for conciseness we shall refer to 
as the “strip tube”. 

The other form of surface (fig. 2 b) carried current and potential leads 
actually passing through the glass surface. The film was defined by a 
circular stop in this arrangement, and covered practically the whole lower 
surface of the pocket. This diminished effects due to the edges of the film, 
which were thinner than the film itself. We shall discuss these in detail 
later. This arrangement will be referred to in future as the “disk tube”. 
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Refifistances were measured with a Tinsley thermoelectric potentiometer. 
As far as possible the tube was designed to avoid thermal e.m.f.’s, but in 
spite of this the ‘‘disk*’ tube showed an internal thermal e.m.f. of several 
microvolts dependent on the level of the helium in J, An accurate cor- 
rection could easily be applied for this since it changed only slowly with 
time; and except for the very lowest resistances no error is introduced on 
this account. 

For the determination of the critical magnetic fields required to destroy 
supraoonductivity in the films an electromagnet with a large gap giving a 
field up to 3500 G was available. If used consistently with an exciting 
current increased from zero it gave fields reproducible to 5 G or 2 % 
whichever is the greater. For fields less than 400 G Helmholtz coils were 
used, though in one or two cases the electromagnet was used for measure¬ 
ments in this region. Fields were determined with a calibrated fluxmeter. 

The sequence of operations in preparing and examining a film was as 
follows: the film was deposited on a surface usually cooled to 64 ® K by 
means of oxygen boiling under reduced pressure. The deposition rate was 
about 9 A/min. After an appropriate thickness had been reached, de- 
jKJsition was stopped and the film was annealed at a temperature of 90 ’ K 
(liquid oxygen at atmospheric pressure) or at 114 ® K (liquid methane at 
atmospheric pressure). Most of the liquefied gas in J was then removed 
with a swab of cotton and the whole apparatus was transported to the 
helium liquefier. Immediately before filling with liquid helium the last 
drops of methane or oxygen were swabbed out so as to leave a mere film of 
liquefied gas on the inner surface of J. 

After filling with liquid helium the apparatus was removed from the 
liquefier, manometer and pumping connexions were made to the helium 
bath, and the resistance of the film was measured in its normally conducting 
state at a temperature of about 4 - 2 ® K as measured by the vapour pressure 
of the helium. 

The transition to the sujjerconducting state was now determined in zero 
magnetic field by measuring the resistance of the film os the pressure over 
the helium bath was diminished step by step. The transition was sharp 
except in the case of films deposited at 4 * 2 ® K and not afterwards annealed. 

The tube was now introduced between the poles of the electromagnet so 
that the field was as nearly as possible parallel to the plane of the film, 
the helium bath was fixed at some definite temperature below the tran¬ 
sition point, and the magnetic field was gradually increased until the 
resistance of the film began to return. In the case of the “disk tulie” 
where the transitions were sharp we were able to adjust the surface 

35-2 
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accurately parallel to the magnetic field by increasing the field until about 
half the resistance had returned, and afterwards tilting the apparatus by 
means of set-screws until the restored resistance was a minimum. This 
adjustment was very critical, but once made it remained valid at all 
temperatures of the film. Experiment showed that in this particular 
position the restoration of resistance took place over the smallest range of 
magnetic field, and that also a maximum value was obtained for the 
critical field. From this we can infer that the method of levelling is 
satisfactory. 

For the “strip tube” tlie transition region in the magnetic field was 
always extended, and the observations were merely made in a standard 
position set by eye as nearly as possible parallel to the field. Small varia¬ 
tions of the order of 2*^ about the standard position altered the extent of the 
magnetic transition curves but made no difference to the general character' 
of the phenomena. As this tube was used merely for exploratory work 
the conclusions of this paper are not affected by this uncertainty. 

After adjustment and levelling as described, the temperature of the 
helium bath was held constant and the magnetic field increased step by 
step from zero to a sufficiently large value to restore the normal resistantje 
completely. The observations were repeated at a series of lower tem¬ 
peratures. In work with the disk tube, to verify that the measuring current 
was small enough not to affect the results, it was usual to double the 
current at a temperature near the beginning and the end of an experimental 
series. If the transition curves so obtained were appreciably different from 
those obtained with the standard current, a lower standard value of the 
current was used and the previous results were rejected. 


3. Results 

The early exploratory work with the strip tube proved at once that 
films between 600 and 10,000 A in thickness have a transition temj)erature 
in zero field the same as that of the bulk metal within about 0 - 03 ® C, 
provided the films were annealed at 90 ° K or more. We attributed the 
small difference between the accepted transition point for bulk mercury 
and the transition point experimentally obtained to stray radiation falling 
on the exterior surface of the cooled pocket (Appleyard and Misener 1938). 
Subsequent investigations with the disk tube have confirmed this point of 
view, and it has proved possible by carefully maintaining the level of the 
liquid nitrogen in the outer jacket to bring the values into even closer 
agreement. In most cases the correction to he added to the observed 
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transition point in order to bring it into correspondetice with the accepted 
value for the bulk metal amounts to less than 0 * 015 ° K, and there is no 
evidence of consistent variation of the transition point with thickness over 
the range from 260 to 10,000 A in the case of annealed films. This is in 
entire agreement with the results of Shalnikov for annealed films of lead 
and tin. 

Deposition temperatures of 4 * 2 ° K were used in some cases, and the 
films were investigated without annealmg. Unlike lead and tin films 
(Shalnikov 1938) mercury films in this case show a transition point dis¬ 
placed to lower temperatures; and the temperature range of the transition 
is much extended. (The latter point Shalnikov for technical reasons was 
unable to investigate.) 



Fig. 3. Tranmtion curves of 1187 A tilni (zero magneti<j field). 
l>eposition temperature 4-2'’K. 


Fig, 3 gives an example of the transition curves obtained before and after 
annealing for a 1187 A film deposited at 4 * 2 ° K. Films 302 and 000 A 
thick also show approximately the same depression of the transition point 
and rather irregular and extended transition curves. 

Ordinates are values of where R is the resistance of the film at the 
temperature considered and R^ is the resistance when the film is con¬ 
ducting normally. The mean transition temi)erature is displaced from 
4*150 to 3 * 933 ° K. Thus it appears that the highly strained, finely poly- 
crystalline material produced by deposition at 4 * 2 ° K may be regarded, in 
some sense, as a diiferent kind of superconducting metal from ordinary 
mercury and that the difference in properties may persist to very great 
thicknesses. There is no evidence of a variation of transition temperature 
with thickness for these films. 

In the determination of the critical magnetic fields (as we have previously 
mentioned) the striptube gave results which were not entirely satis- 
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factory. The return to normal resistance took place as a rule over a large 
range of magnetic field. Also though the field at which resistance first 
began to return was fairly independent of all factors except the thickness, 
the range of the transition varied very much with such parameters os 
measuring current, degree of annealing and temperature of the film. The 
transition curves were also least steep for the thickest films, though we 
should expect that as these films most closely approximated to the bulk 
metal in all other properties they should show a sherj) magnetic transition. 
It finally occurred to us that the whole of these confusing phenomena arose 
from an effect at the -edges of the film. 

Reference to fig. 2 a shows that surrounding the main body of the film 
there is a narrow strip (the “penumbra”) in which the film thickness 
changes gradually to zero as we move outwards. The penumbra arises 
merely from the finite size of the jnnhole, and from the geometry of the 
apparatus. Now it was known from our experiments that the critical 
field increased rapidly as the film examined diminished in thickness. 
Hence superconductivity may be destroyed in the thicker main body of the 
film, though the magnetic field is still not large enough to destroy it in the 
thinner edges. Thus, to a first approximation, the film will still show zero 
resistance until the magnetic field is sufficiently intense to force the region 
of normal conductivity into the thinner parts of the |)6numbra where the 
film is actually disintegrated. 

In the penumbra, the transition from coherence to incoherence will be 
gradual, consequently the return to normal resistance will be Extended. 
Also the current density in the penumbra will be very high so that the edge 
may pass into an intermediate state between normal and superconductivity, 
in which the resistance has intermediate values. This would account for 
the extended transition curve. 

It was for these reasons that we adopted the electrode design of fig. lbs 
It can be seen from the diagram that the measuring current can only get 
from one electrode to the other by passing through a considerable area of 
uniform film. 

Measurements with this tube confirmed at once the above explanation 
of the extended transitions. Figs. 4 a, 6 show the t3rpe of transitions 
observed with the disk tube. Ordinates are RjR^, abscissae are in gauss. 
Fig. 4 a is for one of our thinner films (596 A), fig. 46 with a thicker film 
{2410 A). It can be seen that although there is still an extended range of 
transition for the 696 A films which we believe to be characteristic of very 
thin films, the 2410 A film gives extremely sharp transitions, quite di&rent 
from those obtained with the “strip” tube. 
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The curious 8haj)e of the transition curves had already been predicted 
before any measurements were made with the “disk” tube. It will be 
seen from fig. 46 that as the field increases in the case of the 2410 A film 
the resistance returns sharply to about 0*70 of its normal value at these 
temperatures, remains constant for over a considerable range of field and 
then rises slowly to its normal value from the “plateau”. The initial sharp 



1'5 20 25 30 3-5 4 0 4-5 

absolute temperature 


Fl(^. 5 a. Critical fields for mercury films. For film 1178 A thick. 

(b Deposition tem|)erature 64"K. Resistance at 4*2® K = 2*7 x 10 ' 

C* Deposition temperature 64® K. Resistance at 4*2®K = 2 0 x 10-* w 

£) Deposition temperature 4*2®K. Resistance at 4‘2®K = 2*3 x 10“*w 

9 Deposition temperature 64® K. Resistancic at 4*2® K = 3*6 x 10“* w 

0 Deposition temix^rature 64"K. Resistance at 4*2°K:=: 1*6x 10“*w 

rise is clearly due to the return of the body of the film to normal con¬ 
duction. But at this field the penumbra (fig. 26 ) still remains super¬ 
conducting so that the disk is in effect surrounded by a perfectly conducting 
ring. A fraction of the measuring current will therefore pass from one 
electrode to the other by this path, which in the normal state is a path of 
very high resistance. The potential drop between the measuring electrodes 
will therefore be less than in the normal state, or the effective resistance will 
be diminished. This state will continue without much alteration until the 
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field IB large enough to force out the superconducting ring into the cracked 
parts of the film, when normal conductivity will return. 

All the experimental observations are in accordance with this picture. 
For very thin films where the coherent part of the penumbra extends 
outwards only a short way the plateau is only indicated, or non-existent. 
Thick films whose edges are coherent over a very large range of thickness 
show an extended plateau. Annealing, which is known to favour the 
disintegration of very thin films, also tends to shorten the plateau, and to 



Fig. 5 6. Ratio of critical field of films to critical fields of b\ilk mercury 
at various temperatures. 

make the subsequent rise to normal resistance much steeper, without 
affecting the initial rise from zero resistance appreciably. We are therefore 
justified in taking the initial steep rise of resistance as characteristic of the 
body of the film, and the magnetic field at half the height of the plateau 
as the critical field for that temperature. 

Critical fields, for films ranging between 300 and 10,000 A in thickness 
have been investigated. Curves showing the values of the critical field {H^) 
in gauss against film temperature are shown for various films in fig. 5 a. 
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For comparison, Miaener’s fields for specimens of bulk mercury are 
appended.* All film temperatures are corrected so as to bring the observed 
transition temperatures in zero field to the transition temperature for the 
bulk metal obtained by the extrapolation of Misener’s smoothed results, 
viz. 4 * 167 '’ K. The corrections were usually of the order of 0*01® K and can 
scarcely affect the results except at temperatures above 4 * 10 '’K. Tem- 
I>eratures are derived from helium vapour pressures by means of the 
Leyden (1937) formulae. 

Two facts are immediately obvious from the curves. First, the critical 
fields at a given temperature increase very rapidly when the film thickness 
drops below 2400 A, which is in agreement with Shalnikov’s previous 
qualitative observations {Shalnikov 1938). Secondly (what had not been 
observed before), the critical field-temj)erature curves for a given film are 
of an entirely different shape from those for the bulk metal. Fig. 66 shows 
the ratio of for the series of films is critical field for the film, 

that for the bulk metal at the same temperature). At low temperatures 
is approximately constant and increases very slowly with tem¬ 
perature. Above 4 ° K, however, the field ratio rises very rapidly and 
shows every indication of approaching infinity at the transition point for 
all the films.t 

To test whether the strain resistance or the disintegration of these films 
had any effect on the measurements of the critical fields we prepared five 
films 1178 A in thickness. One was deposited at 4 * 2 ® K and afterwards 
annealed at 90 ® K, the other four were deposited at the standard tem¬ 
perature of 64 ® K. Two of these were annealed for different periods at 
90 ® K and two at 112® K for a few minutes. Reference to fig. 6a shows that 
all the experimental points for this thickness lie on a single curve. The 
investigations of the previous paper (Appleyard and Bristow 1939) indicate 
that these films may show inequalities in thickness comparable with the 
‘‘critical thickness’’ which for the films deposited at 4 * 2 ® K is 80 A, for 
those deposited at 64 ® K is 180 A. Thus the critical fields are not sensitive 
to the geometrical roughness of these films. 

The values of the critical fields are also insensitive to changes in the 
residual resistance as a result of varied annealing. It can be seen from 
fig. 6a that the measured resistance at 4 * 2 ® K (which at this temperature 
is almost entirely the result of strain) may change by a factor of 2*2 

f. 

♦ These agree with the values of Daunt and Mendelssohn ( 1937 ) to within 1 % 
and extend to somewhat higher temperatures. 

t A slight indication of this rise of field ratio near the transition point may be 
obtained from the results on tin fibna published at Toronto (Misener et ol. 1935 )* 
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without producing any systematic change in the critical field at a given 
temperature. 

Since geometrical disintegration and strain are the only properties in 
which our films diiFer from the bulk metal and since these factors have 
been shown to have little or no influence on the transition fields for the 
films (at least for those above 1200 A thick), we infer t]iat the results 
obtained arise from a true size effect in superconductivity. 

Hysteresis in the films was investigated in a few cases, though owing to 
the necessity for using iron in the magnetic circuit over most of the range 
of fields it was difficult to obtain precise results for the thinner films. We 
believe that for films leas than 1700 A thick the difference in field between 
the ascending and descending portions of the loop did not much exceed 
6% of the critical field. In the range where air coils could be used in no 
case did the hysteresis exceed 10%. 

In almost all of these experiments the magnetic field was apy)lied at right 
angles to the line joining the current electrodes. A few readings were taken 
with the field applied parallel to this line, but there was no definite evidence 
of a difference of more than 10 % in the values of the critical fields obtained 
in the two positions. Owing to the difficulties of levelling in the “parallel 
position we are inclined to attribute the divergencies to experimental error. 

4 . Discussioi^ 

When a superconducting body is placed in a magnetic field it is well 
known that the magnetic induction B inside the specimen rapidly falls to 
zero on crossing the boundary into the conductor. The depth of field 
penetration has been given theoretically (Becker, Heller and Sauter J933; 
F. and H. London 1935) by the formula 



where A is the depth of penetration, n - the effective number of super¬ 
conducting electrons per c.c. and e, m, c have their usual significance. On 
the assumption that the number of superconducting electrons is of the 
same order as the number of free electrons in the metal, this formula gives 
a depth of field penetration of about 2 x 10““® cm. for mercury. 

The most obvious way of investigating the penetration layer is through 
experiments on superconducting bodies, one of whose dimensions is com¬ 
parable with the depth of field penetration. As has been pointed out by 
various authors, H. London (1935), v. Laue (1938), Pomerantohuk (1938), 
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the finite j^enetration of the field leads to a modification of Gorter’s thermo* 
dynamic relation between the magnetic threshold field and the difference 
in free energy of the superconducting and the normal states. This results 
in an increase in the magnetic threshold value for superconductors of 
small dimensions. 

Since this ipodification of the theory depends on some assumptions 
which are rather uncertain, we begin with a purely dimensional argument 
which, when applied to our results, allows us to draw certain qualitative 
conclusions about the variation of field penetration with temperature. The 
rise of at the transition temperature can only mean that the field 

penetration also must increase rapidly as the transition temperature is 
approached. The dimensional argument even allows us to calculate the way 
in which it varies with temperature. 

Suppose A(T) is a parameter having the dimensions of a length, which 
defines the decrease of field inside a superconductor as we leave the 
boundary and which depends explicitly on the temperature alone for a 
given superconductor. It is a reasonable assumption that A(T) is in* 
dependent of the film thickness. With this assumption we may write 



where/is some function, and d is the thickness of the film. 

Equation (2) may be written in the form 

logio = gOogio ^ - logio . (3) 

where g is another function of d. This relationship is of the form 


y = g{x-c), 


where 


c= logio A(T), y 


1 


M 


and a: = logjorf. 


H, 


Thus if logio -Tf- is plotted against logio d at a series of different temperatures, 

"M 

we should obtain a family of curves displaced parallel to each other along 
the log d-axis; two curves for temperatures T, and being separated by 
a distance logio A( 3 rj)-logioA( 3 i). ®'ig- ® shows the results of such a plot. 
The curves are all drawn identical in shape and lit the points adequately at 
all temperatures below 4 * 06 ° K where the results are more accurate. Three 
points for the very thick film diverge rather widely from their curves, but 







Fici. 0. Ratio of the critical field of thin film to the critical field of bulk mercury aa 
a fimotion of the film thickness. 


The results are shown in fig. 7 . Shoenberg (1939) measuring the magneti¬ 
zation of mercury colloids has confirmed this variation of field penetration 
in a very direct and independent way and his results are in substantial 
agreement with ours. 
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The actual algebmic form of/(d/A) in equation (2) can be derived only 
by making definite assumptions regarding the equilibrium between the 
normal and superconducting phases in a magnetic field. A simple derivation 
due to Pomerantchuk (1938) can be somewhat modified at the expense of 
generality by making definite assumptions as to the nature of the surfac^e 
energy at the boundaries of the film as follows: 

If a large superconductor is placed in a magnetic field H it behaves as a 
perfectly diamagnetic substance and the change in the total electromagnetic 



I 

I 




Fig. 7. Penetration of magnetic field into a superconductivity film, (a) Variation of 
depth of field penetration with temperature; (6) Variation of “effective” numbtjr 
of superconductivity electrons j^er atom with temperature. 


energy caused by the presence of unit volume of the superconductor is 
The equilibrium equation between the normal and superconducting 
phases may then be written (where /„ and /, are the free energies per unit 
volume of normal and 8Ui)erconducting states in the absence of a field) 

/«=/. + -. ( 4 ) 

If the superconducting body is a thin film, then the finite field pene¬ 
tration will make it an imperfectly diamagnetic substance. Its average 
magnetic energy per unit volume will therefore be where 17 is a 
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factor less than unity which may be calculated by simple integration once 
a definite field distribution is assumed. Assuming, further, that is 

the same for the film as for the bulk metal the equilibrium equation for a 
thin film becomes 


or 


/»-/» 

H, 

Ih, 


VHJ 

Hn ’ 

] 


( 5 ) 

(6) 


which is greater than unity, in accordance with ox{>eriment. 

To calculate rj we proceed as follows: the 
magnetic induction inside the super-con¬ 
ductor must be of the form 


B = Hfh(x)y 

where x denotes the distance measured from 
the middle, and h{x) is a function such that 

A(-d/2) = A(d/2)-l 

(of. fig. 8). 

The average magnetic energy ))er unit 
volume may easily be shown to be 

1 r-fd/a 


1 /••fd/2 



1 


where I « ™ (JS - //) is the intensity of magnetization at a point. 


A simple calculation then gives for the average magnetic energy per 
unit volume the formula ( 5 ) with 

2 


Now if d is large compared with the range in which h{;x) is appreciable, 
we may write 

I A(a;) doc ^ 




h(nr\ Anr 


The right-hand side of this equation is of the dimensions of a length and is 
a measure of the field penetration. We denote it by A'. We may then 
write 
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or (since rf>A), from ( 6 ) 




( 7 ) 


which is formally identical with the relation of Pomerantchuk.* 

We may legitimately apply formula (7) only to our thickest film 
{d — 10,880 A). Calculation then gives = 1*2 ± 0*3 x 10 ® cm.t (Actually 
(7) seems to be a good empirical formula even up to values of ~ 1-5, 

where it would not be exj>ected to hold, and gives the same experimental 
value for This value may be used to fix absolute values of A' at all 
temperatures using the ratios obtained dimensionally. 

The order of magnitude of the field penetration so calculated is again 
confirmed by the direct investigations of Shoenberg ( 1939 ) (though owing 
to uncert>aintie 8 in the size of his colloid pai'ticles exact comparison is 
difficult), and by the results of Pontius ( 1937 ) with lead wires. 

To calculate for thinner films we must make some assumption 

about the form of h{x). If we assume the distribution resulting from the 
equations of F. and H. London, viz. 


hl.r\ - 

~ C08hrf/2A’ 


we obtain 

The formula does not fit the experimental results very well. Values of 
A ( 2 * 5 ) calculated from it for different films show systematic variations 
between 1-3 x 10“”® and 0-80 x 10' ® cm. in the range of thickness from 
600 to 10,880 A. This discrepancy may indicate that the assumptions on 
which the derivation of equation (7) and subsequently equation ( 8 ) have 
been based are no longer applicable for very thin films. 

To summarize the results of this discussion: We conclude from our 
ex}>eriments that the depth of field penetration rises rapidly as the tern* 


* On the other hand a formula given by von Lauo (1938) for large thicknesses 
becomes 

~ = l + 2e-^'^. 

This converges towards unity as d increases much more rapidly than our experi¬ 
mental results indicate. 

t The values of A' so obtained depend very critically on the actual values of -fifjn 
assumed for bulk mercury. We have taken the values of Daunt and Mendelssohn 
(1937). But a 1 % error in either Hf or leads to a 10% error in the value of A'* 
It is for this reason that we have increased the limits of error above those given in a 
previous note (Appleyard et al. 1939). 
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perature approaches the transition point, and that it probably becomes 
infinite there. We also conclude that even at temperatures as low as 2*5° K 
the field penetration is of the order of 10“'* cm. and not of 2 x 10“"® cm. as 
deduced from equation (1) if one assumes that all the conduction electrons 
are capable of carrying the superconducting currents. Alternatively, we 
may take the values for the field penetration and calculate from them the 
effective number of superconducting electrons per atom, using formula (1). 

The dotted curve in fig. 7 shows values obtained at different temperatures. 
The number appears to be zero at the transition temperature and seems 
unlikely to exceed 0*05 electron per atom even at the lowest temperatures. 

But it is clear that the effective number of free electrons calculated in 
this way depends upon numerous somewhat arbitrary assumptions, and 
the question of the equilibrium between electrons in the normal and in the 
superconducting states at different temperatures is still somewhat un¬ 
certain. 

The cryogenic part of this work was carried out at the Royal Society 
Mond Laboratory at Cambridge with apparatus constructed and calibrated 
in Bristol at the Wills Laboratory. We are much indebted to Dr Cockcroft 
and Professor Tyndall of the respective laboratories for their generous 
provision of the necessary facilities. 

We must also thank the various members of the two laboratories, in 
particular Dr Shoenberg, for valuable theoretical discussion and sug¬ 
gestions. One of us (J. R. B.) performed this work during the tenure of a 
grant from the Department of Scientific and Industrial Research. 

SUMMABY 

Mercury films prepared in high vacua have been examined in the 
superconducting state. The transition temperature from the normal to the 
superconducting state in films previously annealed at 90'" K or more is 
very close to that of the bulk metal. On the other hand, films deposited 
at 4*2*^ K and not afterwards annealed show a displacement of the tran¬ 
sition temperature downwards by about 0*2° K. In neither case is there 
evidence of any variation of transition temperature with the thickness of 
the films. 

The critical longitudinal magnetic fields required to restore normal 
conductivity in the films at various temperatures have been determined. 

If £1^ is the critical magnetic field for a film at a definite temperature and 
that for the bulk metal at the same temperature, it is found that at all 
temperatures HfjH^ is larger than unity, and increases rapidly as the film 
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diminishes in thickness. For a film of a definite thickness increases 

steeply as the transition temperature is approached. It is inferred from 
this result that the depth of field penetration likewise increases steeply as 
the transition temperature is approached. 
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The scattering of a-particles in helium 

By S. Devons, M.A. 

Senior Rouse Ball StuderU, Trinity College, Cambridge 
{Communicated by W, L, Bragg, F.R.S.—Received 1 June 1939) 

1. iNTRODtrCTION 

In a previous paper (Devons 1939 )* the author has discussed the possi¬ 
bility of observing resonance phenomena in the scattering of a-partioles 
by light nuclei, and the experimental results given there show that in 
general resonances in scattering are observable for light nuclei of atomic 
number less than about 12 and for a-particle energies about equal to or 
greater than the potential barrier height. 

In the case of the scattering by helium nuclei the classical coulomb 
scattering is very small, and therefore anomalies in the scattering due to 
excited states of Be®, the compound nucleus formed by He* and an a- 
])articie, should be comparatively easy to detect. In addition no dis¬ 
integration is possible with a-particles of the energies used (less than 
8*5 MeV), so that if the nucleus Be® is formed in an excited state it can 
only dissociate into two a-particles, and hence the width of any level of 
Be® excited by a-particle scattering in helium will be due practically entirely 
to elastic scattering. The investigation of the excited states of Be® by 
means of the scattering of a-particles by helium nuclei has a particular 
interest since the existence of a broad level of Be® with an excitation energy 
of about 3 MeV above the ground state, which is capable of splitting up 
into two a-particles, is postulated to account for the results of several 
disintegration ex|)eriments. 

This evidence will be discussed in more detail later. The mass of Be® 
as deduced from disintegration data is about equal to that of two a- 
particles. This excited state of Be* should then, provided it does not possess 
an unusually large spin, give rise to an anomaly in the scattering in helium 
for a-particles of energies of about 6 MeV. (In the collision of an a-partiole 
and a helium nucleus only one-half of the energy is available as excitation 
energy, the other half producing motion of the system as a whole.) 

Certain peculiarities, both experimental and theoretical, in the in- 
vest%ation of the scattering in the present case, occur owing to the 

Kderred to subsequently as Paper I. 
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identity of the scattered particles and soattezing nuclei. The angle of 
scattering in laboratory co-ordinates is one-half that in the centre of 
gravity co-ordinates and the a-partioles scattered at laige angles have 
considerably smaller energies than before scattering. It is not practicable 
to observe the scattering at angles greater than about 60 °, but owing to the 
small atomic number of the scattering nucleus it should not be necessary 
to use larger scattering angles to observe phenomena in this case.' 

(Z-Particles possess no intrinsic spin and obey Einstein-Bose statistu^. 
It follows then that the wave function describing the scattered a-particle 
and the scattered helium nucleus must be symmetrical in space co¬ 
ordinates alone. This means that in the expansion of the wave function in 
spherical harmonics no components of odd angular momenta, I, occur. 

In addition only those a-particles with angular momentum, I quantum 
units, such that 

lA = r, (1) 

(where r is the radius of the nuclear forces and A is the de Broglie wave¬ 
length of the a-particles) will be strongly affected by the nuclear forces. 
For r equal to about 4x 10"“ cm. this means that for energies less than 
8 MeV the only a-particles likely to be affected by nuclear forces are those 
having angular momentum I ^ 0 and 1 = 2 quantum units. 

The scattering at an angle 0 due to the nth angular momentum com¬ 
ponent contains the factor P,f(coB d), the angle 6 being measured in a co¬ 
ordinate system moving with the centre of gravity of the system, cos ( 6 ) 
is equal to zero for 6 equal to 64 ' 4 °. In the case of a-partioles scattered by 
helium nuclei the angle of scattering in the centre of gravity co-ordinates 
is equal to twice that in the laboratory co-ordinates. If then the scattering 
is observed at 27 ° the only excitation states of Be^ that will give rise to 
resonance scattering are those with spin momentum zero. For scattering 
at other angles states with spin momentum zero and two quantum units 
will be effective. The scattering has therefore been investigated carefully 
for two ranges of angles, the mean scattering angle in the two oases being 
27 ° and 38 < 6 °, so that it might be possible to ascertain the angular momen¬ 
tum of any state of Be^ which might give rise to resonance scattering. The 
excitation level of Be* deduced from disintegration data must of course be 
“even ” since it splits up into two normal a-partioles. 

Experiments on the scattering of a-particles in helium have already 
been carried out by a number of investigators: Rutherford and Chadudck 
(1927), Chadwick (1930), Wright (1932), and Mohr and Pringle {1937)* 
Large anomalies .in the scattering were observed by Rutherford and 
Chadwick for scattering angles greater than about 20°, but the scattering 
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was only measured for a few a-partiole energies and consequently no 
definite information regarding resonance phenomena can be obtained from 
their results. In the experiments of Chadwick and those of Mohr and 
Pringle the maximum energy of the a-particles used was only 4-5 MeV. 
The observations of Wright did not extend to angles greater than 27"^, and 
in this case also the spacing of the observations with res|)eot to energy in 
the region above 5 MeV was poor. A resonance at 6 MeV a-particle energy 
would not then have been observed in the above experiments, particularly 
if the level is a D ” level, i.e. has a spin momentum of two quantum units. 

2. Expkrimextajl 


For the observation of the scattering at small angles, the annular 
ionization chamber method described in Paper I does not offer any parti¬ 
cular advantages, in fact in this case the resolution of the method is rather 



poor. The method used in the present investigation was the well-known 
annular ring method which has been used in all previous experiments. 
The construction of the apparatus is shown in fig. 1. 

The incident beam of particles from the source S was defined by the 
graphite stops AA, (7C7, and the scattered particles which were recorded 
were limited by the stops BBt DD, The effective scattering region (for 
point source and detector aperture) is shown shaded. The source 8, an 
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active deposit of Ra B + C, etc., was mounted in position by means of a 
ground glass joint in the tube Q, the end of which was covered with a mica 
window of stopping power 0-7 cm. air equivalent. The window F and the 
tube Q formed a gas tight system, so that new sources could be easily and 
quickly introduced without affecting the gas in the scattering chamber, VV. 
The energy of the a-particles at the scattering region could be altered by 
means of two rotating sets of four mica screens which could be adjusted 
from outside the scattering chamber. In this way the scattering could be 
measured for sixteen different energies in one experiment. 

The scattered particles were recorded by means of the ionization chamber 
I, of depth 1-0 cm., the front high potential plate being in the form of a 
very fine grid. The aperture of the ionization chamber was 0*46 cm. in 
diameter. No window was placed over this opening in the ionization 
chamber in order not to absorb the scattered a-particles of low energy. It 
was found quite satisfactory to use the same gas in the ionization chamber 
and scattering chamber. The particles were counted by means of a linear 
amplifier and a single thyratron operating a mechanical meter, or in 
some cases, where larger counts were obtained, a hard valve scale of two 
counter (Lewis 1937) was used. 

The presence of the strong source of y-rays at S (the source strength 
varied between 30 and 100 millicuries) gave rise to a fairly large back¬ 
ground in the amplifier, but for chamber voltages greater than about 
500 V the impulses due to a-particles were about twice to three times the 
background height. The absence of serious straggling doe to possible 
tarnishing of the source was tested by measuring the scattering in argon 
over the fuU range of energies investigated. This scattering was found to 
vary according to the classical coulomb law with energy, even for the 
smallest energies. The scattering in argon was also used to determine the 
ratio of the actual to classical scattering in the case of helium. The pro¬ 
cedure in the present case was precisely the same as that described in 
Paper I. 

The helium was purified by passage through a multiple U-tube con¬ 
taining activated carbon at liquid air temperature. The impurities in the 
argon were probably not greater than 2 %. Extraneous scattering due to 
the carbon screens was measured by filling the scattering chamber with 
hydrogen, since with the scattering angles and gas pressiure used no a- 
particles scattered by hydrogen nuclei could reach the ionization chamber. 
Under these circumstances any a-partioles scattered from the graphite 
stops would possess a comparatively large fraction of their origmal eneigy 
and could reach the ionization chamber. The bias on the counter was 
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adjusted so as not to count recoil protons. The extraneous scattering was at 
most a few per cent of the total effect. 

Using Ba B -f C, etc. sources, it is only possible to investigate the energy 
region up to about 7*0 MeV. Sources of thorium active deposit up to 
1 millicurie were available and for the scattering at 38-6® the effect pro¬ 
duced using such a source was measurable, although of course with a low 
degree of accuracy. Experiments were, then, carried out with these sources 
in order to investigate the energy region 6-8*6 MeV. In order to increase 
the measured effect in this case, a rather low resolution was used, the 
apertures AAy DD being increased in size from 1*0 to 1*1 cm. diameter and 
the stops BBy GO reduced from 1*0 to 0*9 cm. A complication arises in 
this case owing to presence of two groups of a-particles from Th C and Th C' 
of ranges 4*71 and 8*63 cm. respectively, the relative intensities of the two 
groups being 36 : 66. Since also a very wide range of angles is effective in 
the low resolution geometry of the experiments with thorium sources, all 
the scattered particles from Th C will not be recorded when the thicker 
mica screens are placed in front of the source. It was necessary, therefore, 
to measure with this particular geometrical arrangement the variation in 
the scattering for a-particle ranges up to 6*6 cm., using sources of Ra C' 
a-particles. Since for a considerable energy region (i.e. up to the energies 
obtainable with Ra C' a-particles) the ratio of the contributions from the 
Th C' and Th C is then known, the effects of the two components can be 
separated in the energy region up to about 7*0 MeV, Further, knowing the 
complete variation of the effect due to the Th C a-particles, the effect of 
the Th C' a-particles separately is at once obtained for the full range of 
energies up to 8*6 MeV. 


3. Results 

The results obtained for the scattering of a-particles of Ra C' at 21^ 
and 38*6^ are shown in figs. 2 and 3 respectively, where the ratio of the 
actual to classical-coulomb scattering, is plotted against energy, Ey of 
the a-particles. 

The measurements at 38*6° were carried out with three different sets of 
mica screens and with different mica windows in front of the source. The 
three sets of observations are shown by differently marked points in fig. 3. 

In the case of Th C' a-particles only the mriation of the scattering with 
energy was observed. These observations were not of a very high statistical 
accuracy, and it was therefore sufficient to fit the results obtained with the 
thorium sources to the more accurate results obtained with Ra C' in the 
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energy region 6-7 MeV. The results for Th C' a-particles scattered at 38*5'^ 
are shown in hg. 4. 

The range of angles in the experiments with Ra C' a-particles was 6*5"^ 
for scattering at 27® and 12® for scattering at 38-5®. With the lower re¬ 
solution arrangement used for Th C' a-particles the range of angles was 
about 20 °. The range of energies at the scattering region for a particular 
mica foil was, including straggling, about 0-2 MeV in the first two cases 
and 0*3 MeV in the third. 



Fig. 4. Scattering of Th C' a-particles at 38*6^, 


4. Disotrssioi^ 

The oaliulation of the maximum scattered anomalies due to resonance 
as used in Raper I (equation (4)) is complicated in the present case owing 
to the fact that the scattering nucleus and scattered particle are identical 
(Mott 1930 ). However, a rough value for the maximum contributionafrom 
resonance con be obtained by using the sum of two expressions, corre¬ 
sponding to scattering at 6 and Jtt - 0 , since for each a-particle scattered 
at a recoil helium nucleus is scattered at 
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This gives for the approximate maximum resonanoe effects 

_ 4(2/ -f 1)* (Pf(co8 &)^Pf cos (n0)) ,5 . 
'e*z^Z^ 1 coseo^i(9+secHF j 


(2) 


(where I is the spin quantum number of the compound nucleus responsible 
for resonance) in place of equation (4) in Paper I, and the values from the 
above modified equation are shown by the straight lines in figs. 2-4, for 
values of / equal to zero and two respectively. It seems possible to account 
for the scattering anomalies at by an interaction with the nuclear 
short range forces of the zero angular momentum component only. The 
anomalies at 38*5®, however, necessitate the introduction of the component 
with angular momentum two. The shape of the curve gives some indication 
that there is a broad resonance at an energy of about 6‘6 MeV superposed 
on a general rise in the scattering ratio. This general increase is to be 
expected independently of resonance phenomena. (See discussion in 
Paper I.) This resonance would correspond to a broad excitation level of 
Be* at 3'3 MeV above the ground state, assuming the mass of normal Be* 
to be equal to that of two a-particles. The excited state would be an 
“even” D state, i.e. its spin momentum would be equal to two quantum 
units. 

The difiFerence in energy of the ground and excited states of Be® from 
disintegration data is not more than 3 MeV, so that a resonance in scat¬ 
tering at an a-particle energy greater than 6 MeV indicates that the mass 
of Be* in the ground state is greater than that of two a-particles. 

The most definite information regarding this level of Be* from disinte¬ 
gration data is provided by the experiments of Dee and Gilbert ( 1936 ) 
and those of Oliphant, Kempton and Rutherford ( 1935 ), on the dis¬ 
integration of boron of mass 11 by protons. In order to account for the 
distribution with energy of the a-particles produced it is necessary to 
assume that the products of the disintegration are either an a-particle 
and a Be* nucleus in the ground state (the homogeneous group of a- 
particles): or an a-particle and an excited Be* nucleus (with about 3 MeV 
excitation energy) which subsequently splits up into two short range 
a-particles (the continuous distribution). From the data of Oliphant, 
Kempton and Rutherford the excited level of Be® seems to have a width 
of about 0-5 MeV. 

In the disintegration of boron of masa 10 by deuterons, there appears 
to be two groups of a-particles corresponding to the Be* produced being 
left in the normal state or in an excited state of about 3 MeV excitation 
energy (Cockcroft and Lewis 1936 ). The group of a-partioles ooixesponding 
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to Be® produced in the excited state is rather broad, indicating again that 
the level in Be* at about 3 MeV is a broad one. Feenberg and Wigner 
( 1937 ) have shown theoretically that the first excited level of Be* should 
be an * * even ” D level at about 3 MeV. The large width of the level is due to 
the fact that it can break up easily into two a-particles. 

There is no definite evidence in the y-ray spectrum of Be® excited in the 
oaptmre of protons by Li’ of a transition to the level of Be* at 3 MeV. Such 
transitions would, however, be expected to occur since the ground state of 
Be* is probably an even S state and since transitions do occur to the 
ground state one would also expect transitions to the level at 3 MeV. 
However, the evidence is not conclusive as to whether transitions to this 
latter level do or do not occur. 

I am indebted to Trinity College and the department of Scientific and 
Industrial Research for grants that have made this work possible, and to 
Professor Peierls and to Dr N. Feather for much helpful discussion. 


StJMMAEY 

The scattering of a-particles in helium has been investigated for scat¬ 
tering angles of 27° and 38*5°, and for energies up to 8*5 MeV. It is found 
that the results are consistent with the existence of a broad level of Be* 
with spin two quantum imits, and with an energy of about 3-3 MeV in 
excess of the ground state, which is assumed to possess a mass equal to 
that of two a-particles. The results for a-particle energies greater than 
7*0 MeV are not very accurate owing to the low intensity of the sources of 
thorium active deposit available. 
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Shower production by penetrating cosmic rays 

By a. C. B. LovBOJi 

Physical Laboratories^ University of Manchester 
{Communicated by P, M, 8, Blackett—Received 12 June 1939) 

[Plate 22] 

1 . Inteoditction 

The transition curve, giving the cosmic-ray shower intensity under 
increasing thicknesses of lead, rises to a maximum at about 1*6 cm., falls 
fairly rapidly to 5 cm., and then falls off more slowly, maintaining a finite 
intensity at very great thicknesses. Further, the occurrence of showers 
deep underground has long been established (Follett and Orawshaw X 936 ; 
Ehmert 1937 ). The showers forming the initial part of the transition curve 
(up to about 6 cm. of lead) are adequately accounted for by cascade multi¬ 
plication from incident electrons or photons (Bhabha and Heitler 1937 ). 
Some other mechanism, however, is required to explain the occurrence of 
showers under much greater thicknesses. 

It is generally recognized that the showers forming the tail of the tran¬ 
sition curve are associated with the penetrating component, and the theory 
developed by Bhabha ( 1938 ) suggests a probable mechanism, whereby a 
mesotron knocks-on an electron in a direct collision; the electron sub¬ 
sequently producing a shower through the normal cascade process. It has 
already been shown that the production of secondaries (small showers) by 
the penetrating component can be accurately explained by this knock-on 
mechanism (Wilson, J. G. 1938 ; Trumpy 1938 ; Hopkins, Nielsen and 
Nordheim 1939 ). 

In the present investigation an automatic counter-controlled cloud 
chamber has been used to investigate the larger showers among those 
which form the tail of the transition curve. It has been found that the 
knock-on theory is capable of accounting for the showers observed. The 
probabilities for the existence of possible other processes of shower pro¬ 
duction under these conditions are also analysed. 

2. EXPBBIMEKTAIi AEBAKOS3MENT 

The cloud chamber, which had a 1*8 cm. lead plate across its centre, was 
placed immediately under 10, 20 or 30 cm. of lead, and was operated by a 
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coincidence of the four counters AyB,C^ i), arranged either as in fig. 1 a or 16. 
The bias introduced by this counter system against showers containing 
only a few particles is desirable, both because of the technical disadvantage 
of handling large numbers of unwanted photographs, and the necessity for 
reducing the number of unrecorded showers, which occur when the chamber 
is inactive (about 2 min. after each expansion). 
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Table I 




Lead 

Number 




Me^etio 

over 

of 

Running 


Arrange¬ 

field 

chamber 

photo- 

time 

Information 

ment 

G 

cm. 

graplis 

hr. 

extracted 

(a) Fig. lo 

750 

10 

1000 

600 

119 showers containing 
not less than 5 particles 

(6) Fig. 16 

750 

10 , 20 

1200 

900 

200 showers containing 


or 80 



not less than 6 particles 

(c) Fig. Ic 

750 

10 

600 

50 

500 traversals of the 





chamber plate by single 
particles 


(d) V«riOUB 

750 

<10 

8000 

600 

144 showers containing 


not less than 5 particles 
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The arrangement of fig. 1 c has been used to photograph single particles 
(see § 9 c). The runs made with these arrangements are given in Table I. ' 
The data given by (a) is discussed in §§ 3-6; by (6) and (e) in § 9 ; and by 
(a)-(d) in § 8. 


3. The number oe paeticles in the showers 

In estimating the number of particles in the showers, we confine our 
attention to particles with energies greater than the critical energy 
defined as the energy at which the mean energy loss by radiation equals 
that due to ionization {E^ = 10’ eV for lead). 

The number of particles with energies greater than E^, appearing in the 
top half of the chamber, have been counted. The real number in the shower 
will be greater than this by a numerical factor depending on the relative 
size of the shower and the chamber. The number of particles above E^ in 
the showers are therefore somewhat greater than those given in Table II; 
but the calculated probabilities will not be appreciably affected. 

4. Reduction of observations 

For comparison with the theoretical probabilities it is convenient to 
calculate from the observations the probability P{N) that a mesotron, 
passing through the lead, gives riw to an observed shower of N particles. 
That is, we require to find 

P(N)=>nlQ, (I) 

where n = observed number of showers of N particles in time t, and 
Q s number of mesotrons passing through the lead in this time. Now Q 
depends on the geometrical arrangement of the apparatus and on the time 
of the experiment. We may write Q « qoUS, where q = total vertical meso¬ 
tron fiux/unit time/unit area/unit solid angle, at sea-level, a area of 
collection, t time of experiment, and S » solid angle for collection. 

To find a and j, the stereo-photographs have been reprojected to deter¬ 
mine the points of origin of the showers in the lead above the chamber. 
About one-third of the showers, although originating in the lead, either 
entered the chamber obliquely, or did not have their axes placed centrally 
in the chamber. To include these in the statistics would introduce tm- 
oertainty in the solid angle for collection, and in the number of particles 
in the shower. Therefore a rigid selection of 32 showers has been made, 
emerging from an area in the lead situated directly above the illuminated 
portion of the chamber plate and about equal in area to it. 
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The vertical cosmic ray intensity at sea level is O’SO/sq. cm./min./unit 
solid angle (ptreet and Woodward 1934 ). The fraction of these which are 
penetrating is, according to Auger ( 1935 ), Blackett ( 1938 ) and others, 
about 80%. Thus q » 0'64/sq. om,/min,/unit solid angle. 

In the experiment a =* 96 sq. cm., ^ = 0 * 10 , 600 hr.; therefore the 

number of mesotrons capable of producing the showers observed is 
Q »= qoL^t «« 2-2 X 10*. 

If we observe n showers of N particles during the experiment, the 
probability of such a shower being produced per mesotron is then 

In Table II we give the numbers of showers observed (n) of not less 
than N particles above the critical energy, and the probabilities calculated 
from ( 2 ). 




Table II 

Theoretical value of 
P{N) calculated from 

N 

n 

P{N) 

the knock-on theory 

6 

— 

— 

SOxlO-* 

10 

18 

8-2 X 10-» 

19 X 10-' 

20 

7 

3-2 X 10-* 

3-7 X 10-» 

30 

4 

l-82xl0-» 

1-3 X 10-‘ 

40 

1 

0-46 X 10-» 

0-23 X 10-' 

60 

1 

0-41 X 10-‘ 

0-16 X 10-‘ 


6. The knock-on theoey of showeb pbodpotion 
(a) Probability of shower prodttction 

The theory of the penetrating component given by Bhabha ( 1938 ) 
enables a calculation to be made of the probability that a mesotron knocks- 
on an electron in a direct collision, the electron subsequently producing a 
shower through the normal cascade process. 

Bhabha has calculated the probabilities that mesotrons of energy 
emerge from a thick layer of lead accompanied by N electrons and positrons 
above the critical energy E^. In this experiment we are concerned with 
particles of all energies incident on the lead, so that the probabilities for 
shower production by the knock-on process will depend on the incident 
energy spectrum of mesotrons. 

If ^6 number of mesotrons incident on the lead in the energy range E 
to {E-^dE) is dn’m8{E)dE, then the probability for a shower of N 
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particles emerging from the lead above the critical energy, produced by 
the knock-on proocsa, is 

P(N) - S(B) dE, (3) 

J-E-O 

where '^{E) is the probability that a mesotron of energy produces a 
shower below the lead of N particles above the critical energy. ^{E) is the 
expression calculated by Bhabha (equation 4 * 10 , 1938).From it we have 
calculated the values of ^jr for different values of for = 6 to 50 particles, 
assuming the mesotron mass (i « 200m. 

The probability P(^) of equation ( 3 ) has been evaluated graphically, 
using the values of the energy spectrum given by Blackett (1937). ir{E) is 
not very sensitive to the value of jii. Thus the existence of a considerable 
number of protons in the incident beam will not affect the probabilities 
appreciably. These calculated probabilities are given in Table II for 
showers of 6-50 particles above the critical energy (10^ eV). 


(b) Effect of the energy spectrum 

The combination of the observed incident energy spectrum of mesotrons, 
with the relation between E^ and has important consequences. We 
consider the production of a shower of given size {N particles) by a mesotron 
of energy E^. The maximum energy which a mesotron of mass fi can 
transfer to an electron of mass w in a ifree collision is (Bhabha 1938) 


where 


2OT/t(y-fl) 


i*) 


and Eq * (iJo—/tc*), the kinetic energy of the mesotron. 

In this expression approaches unity as y increases. Thus the maximum 
energy which the mesotron can transfer to an electron, W^, approaches 
E'^, as increases. Now \lr(E) is zero for energies helow a given value, 
and then increases rapidly with increasing E'^, until approaches unity. 
In practice, however, this increase in the probability that a mesotron of 
energy E^ produces a shower of N particles is more than counteracted by 
the fact that the number of incident mesotrons decreases rapidly with 


* The equation (4*10) given by Bhabha contains two numerical errors. However, 
the numerical constant C in this equation is adjusted to bring the results of Table VI 
into accord with those of Table IV; thus the final results are not appreciably affected. 
As stated by Bhabha the probabilities given in his Table VI are roughly too large by 
a factor of ^ The value of C should be of the order of 1/4 and not 8. 
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inoreafiing energy. The combination of these two effects gives a probability 
curve with a pronounced peak at low energies. 

We consider as an example the detailed predictions made by the knock- 
on theory, in the production of showers of W * 6 and W = 60 particles. 
In Table III we give the values of y, q^, W^, and ifr{E) for increasing values 
of Eg. 

Table III 


^0 




for 

for 

eV 

y 

9m 

eV 

N = 6 

iV = 60 

6 x 10* 

0 

6*6 X 10-* 

3-3 X 10 » 

0 

0 

10 * 

11 

107 X 10-1 

1-07 X 10» 

0 

0 

6 x 10* 

61 

0-34 

l-7x 10» 

2-2 X 10-» 

6-3x10-’ 

10 “ 

100 

0-505 

5-06 X 10 * 

2-6 X 10-» 

1 • 1 X 10“® 

10 “ 

1000 

0-91 

91 X 10 “ 

30 X 10-» 

2-9 X 10 “® 

10 “ 

10,000 

0-99 

09 X 10 “ 

3 -Ox 10-“ 

3-1x10-® 



Flo. 2. (-) Theoretical probabilities for production of showers of .N' = 6 and 

N at so particles by the knock-on process, plotted against the energy of the mesotron. 
(- - -) Corresponding curves calculated for the observed energy spectrum. 


The rdation between ^(E) and Eg is shoTvn graphically by the full line 
owfves in %. 2, while the product of ^{E) by the incident energy spectrum 
is shown by the broken curves on the same diagram. These broken curves 
are the probability curves applicable to the observations. 
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The curve for N ^ 5 has a peak probability at about « 3 x 10 ® eV, 
that is, for a value of 9 ^ 2 ; 0-23. The corresponding peak in the curve for 
N ^50 occurs at 7-5 x 10 ® eV, for a value of 0'43. Thus for an increase 
in shower size of 10 times, the most probable energy for production increases 
only by a factor of 2-6. Hence it appears that almost all observed knock*on 
showers under lead are produced by mesotrons in a comparatively narrow 
energy rar^e, and that showers of 50 particles or less are produced by 
mesotrons which transfer, on the average, not more than 1/2 of their 
eneigy to the knock-on electron. Thus we should expect the mesotron 
to appear in the shower photograph as a penetrating particle unless it is 
heavily scattered. The general complication of the shower photographs 
obtained here makes this observation dilBoult, but the mesotron can in 
fact be identified in about 26 % of the shower photographs. 


(c) The largest shower which can be produced by a given mesotron 

According to Bhabha and Heitler ( 1937 ), a shower of N positrons and 
electrons with energy over can just be produo/od by an electron of 
energy where /f \o-m 

N = 0-124(^j . ( 6 ) 

If the fluotuationB of shower size are taken into account, however, 


N 


0-124 

C UJ ’ 


where (7 is a numerical factor depending upon fluctuations. The value of 
C may be found by calculations similar to those made by Bhabha ( 1938 ), 
and assuming that fluctuations are of the form taken there (equation 4-4, 
1938 ), we find its value to be approximately 1/4. Thus (5) becomes 


N 


<:r 


( 6 ) 


In considering showers produced by the knock-on process, in this 
equation becomes of equation (4), the maximum energy which the 
mesotron can transfer to an electron in collision. If /t = 200 m, then 


?« = :pTr()0 ^ > 6 X 10» eV). 


Using (4) and ( 6 ) we obtain the kinetic energy of the mesotron which 
can just produce a shower of N positrons and electrons: 


N 



7K 

Ee(r+m 



(’) 
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If y 100, i.e. for ^ 10 ^^ eV, this reduces to 


N 


0-5 


/jP'\0-98 


676 

( 8 ) 


Equations (7) and ( 8 ) thus give the largest cascade shower which can be 
produced by a mesotron of energy taking fluctuations into account. 


{d) The most probable energy for shower production 

The considerations of § 56 on the influence of the energy spectrum show 
that equations (7) and ( 8 ) are also a fair approximation to the energy of 
the mesotron which has the greatest probability of producing a shower of 
N particles. Prom fig. 2 we see that the most probable energy is about 
twice the minimum energy, so that, using (7), the most probable energy is 
given by 


Neglecting fluctuations, the minimum enei*gy required to produce the 
shower of iV particles is from (5) 

= ( 10 ) 


so that 


-L 

(*o)m.n 2-4 • 


Thus, due to the influence of the energy spectrum, the most probable 
knock-on showers are produced as fluctuations. In the case of a shower of 
JV' = 50 particles, for example, equation ( 10 ) gives = 1*2 x 10 ^" eV. 

From fig. 2 we conclude that, on the average, as many showers of this 
size are produced (through fluctuations) by mesotrons with energy below 
this value as are produced by mesotrons with energy greater than 
With increasing shower-size the effect of fluctuations becomes more i)ro- 
nounced, since the energy spectrum falls off more rapidly at higher 
energies. Hence almost all showers of a hundred or more particles must be 
produced as fluctuations; a conclusion already reached by Montgomery 
and Montgomery ( 1938 ) for large cascade showers produced by an incident 
electron. 


6. COWPARIHON WITH EXPERIMENT 

The theoretical and experimental probabilities may be comimred in 
Table II, and in fig. 3, from which it is seen that the agreement is within 
the probable limits of the theory and ex{) 6 nment. The divergence for small 

37-2 
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ehowers is to be expected in view of the strong bias intxoduoed by the 
counter system against recording them. But it has already been mentioned 
(§ 1) that the knock-on theory has been shown to account satisfactorily for 
the production of these small showers.* 

Thus it appears that all the showers forming the tail of the transition 
curve in lead may be regarded as knock-on showers, and it does not seem 
necessary to assume any ether process of appreciable cross-section. Several 
other processes have been suggested, however, and the evidence and prob¬ 
abilities for these prooessses will now be considered. 



10 20 30 40 60 

number of particles in shower N ( > critical energy) 


Fig. 3. Experimental and theoretical probabilities for production of knock-on 
showers by mesotrons. (-) theoretical; (— x — x —) experimental. 

7, Showees produced by quanta 
(a) Collision radiation 

A mesotron may emit a photon when its motion changes in a nuclear 
field. The photon may then produce an ordinary cascade shower, and such 
a shower would be visually indistinguishable from those produced by a 
knock-on electron; thus the above experiments can give no direct in¬ 
formation about the occurrence of this process. 

♦ [JVoie added in proof .—The author is indebted to Dr Bhabha for informatioa 
concerning recent modifications in the knock-on theory. These modifications raise 
the theoretical value of PiN) for large showers but do not infiuenoe the existing values 
for small showers. The agreement with the experimental values is thus improved,] 
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Bhabha (1938) hae shown, however, that the ratio of the chance of a 
mesotron emitting a quantum of energy greater than to the chance of 
its producing by collision an electron of energy greater than is of the 
order imity for fi * 10m and is small compared with unity for 10m. 

Existing evidence indicates that fi is of the order of 170 m and thus we 
expect a negligible contribution from this process to the observed showers. 

(6) Stoppage of mesotrons 

Heitler (1938) has considered proceisses in which a mesotron (T) collides 
with a free neutron (N) or proton (P), its total energy being taken up by a 
light quantum: 

Y^ + N^P^fiv, 

If these processes occur they should produce ordinary cascade showers, 
which would in general be visually indistinguishable from the knock-on 
showers. The cross-section for the processes is not accurately calculable, 
since the theory is not applicable for energies greater than /«?*, Two 
estimates have been made; by Heitler (1938), and by Massey and Corben 
(1939), The cross-section for the above processes, for a mesotron of 10 ® eV, 
lead to a probable path length of 2 m. and 30 m. of lead respectively, 
in the two estimates. But the experiments already considered have 
involved the traversal of 10 cm. of lead by 2*2 x l(fi mesotrons (§ 4 ); thus 
if the above processes occur for high energy mesotrons, with frequency 
comparable to that calculated for those of low energy, we should have 
observed between 1000 and 10,000 showers, whereas the number actually 
observed is about 50 , all of which can be accounted for as knock-on 
showers. It is therefore clear that if such processes occur, their cross- 
section is of an order of magnitude lower than that of the present estimates 
for low energy mesotrons. 

This result is of further interest since the inverse processes have been 
postulated by Heitler to explain the production of mesotrons in the high 
atmosphere. Considerable doubt must now be thrown on the occurrence 
of this prooesB in view of the above conclusions. 

8. NTTOLBAE DlSINTEOaATIO^^S 

The ocourrenoe of processes involving the ejection of protons is now well 
establiBhed, Many cases have been observed on photographic emulsions 
at high altitudes <Blau and Wambaoher 1937; Wambacher 1938; Jdanoff 
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1939), while at sea level Fussell (1937) observed 3 in 900 showers, and several 
have been photographed by Blackett and OcehiaUni (1933} and by Brode 
and Starr (1938). Such oases have been considered by Heisenberg (1937), 
Williams (1938) and Heitler (1938) as oases of nuclear evaporation. 

In the 6800 photographs under lead, referred to in Table I, we have 
observed in addition to 463 electronic showers of not less than 6 particles, 
11 showers containing 1 proton, and two showers containing 2 protons. 
Reprojection of the photographs shows, however, that in all oases the 
path of the proton is widely separated from the shower origin. In addition 
there have been two cases of a definite nuclear disintegration occurring in 
the piston. 


9. Multiple pbocesses 
(a) Introduction 

The production of showers of mesotrons by penetrating cosmic ray 
particles, in single multiple processes of the type 

r++iv = p+y++r-+..., (ii) 

have been suggested by Heitler (1938) and by Euler (1938). Also Kemmer 
(1938) and Arley and Heitler (1938) have pointed out that the existence of 
the neutral coimterpart of the mesotron (“neutretto”) is in conformity 
with contemporary theories of the nuclear forces; and that if it exists, it 
should be ca{>able of giving rise to similar multiple processes; 

y'>+p«w+r++y-+..., (12) 

and of transforming itself into a mesotron during a collision with a proton 
or neutron: 

yo+iv = p+y-,i 

\ ( 13 ) 

p+p«w+y+/ 

Such processes would give rise to showers, mainly of mesotrons, obser¬ 
vable under dense materials; we have therefore made a direct search for 
processes of this type. 

(6) The search for showers 

If processes of the type (11) or (12) occurred in the lead over the chamber, 
they would appear as groups of particles traversing the 1’8 cm. lead plate 
across the chamber, without producing an ap|»eciable number of secon¬ 
daries. Apart from two very doubtful cases there are no showers of this 
type in 468 electronic showers. Though it must be pointed out that if only 
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two or three penetrating partieles are associated in a large electronic 
shower they would not be easily detected in these photographs, owing to 
the density of the tracks on the photographs. 

A further experiment has been made in an endeavour to observe showers 
produced by non-ionizing particles other than photons. The experiment 
consisted of an attempt to photograph showers produced in a lead plate 
across the centre of the cloud chamber by non-ionizing particles. It was 
thus essential to photograph with all the counters below this plate. The 
normal arrangement with all the counters below the chamber gives an 
extremely poor yield of showers per photograph, due to the high rate of 
casual coincidences in the counter set, and to coincidences caused by bits 
of oblique showers originating in the magnet coils and surrounding metal. 
To obviate this, one counter was placed inside the cloud chamber (fig, 16). 
This counter was contained in a thin-walled brass box, and the lead plate 
rested on top of this box. The experiment was carried out under a roof of 
lead from 10 to 30 cm. thick. The probability of a shower being produced 
in the lead plate by an energetic photon from the air was thus negligible. 

The details of the run with this arrangement are given in Table I (6). 
Of the 200 showers obtained, 120 were clearly cases of cascade showers 
emerging from the lead over the chamber, that is, showers of the type 
measured in §§ 3-6 and illustra ted in fig. 4 (Plate 22); they are therefore not 
of direct interest to this experiment. The remaining 80 showers originate in 
the lead plate across the centre of the chamber. Of these, 60 were obviously 
associated with an incoming mesotron (fig. 5, Plate 22), and from our 
previous analysis can all be assumed to be knock-on showers. The re¬ 
maining 20 showed no incident ionizing particle, but on reprojeotion were 
found to originate from the edge of the illuminated part of the chamber 
plate, and are thus probably cases of oblique knock-on showers, in which 
the mesotron track was not photographed. From the geometrical arrange¬ 
ment and the known angular distribution of incoming mesotrons, it can 
easily be shown that an ‘*edge” effect of this order of magnitude is to be 
expected. No difference exists in the phenomena under 10, 20 or 30 cm. of 
lead, apart from a slight decrease in the absolute shower frequency. 

Thus the experiment gives no direct evidence that any non-ionizing 
particles (other than photons) which may exist produce showers with an 
appreciable probability. The experiment is not conclusive, however, since 
the complication of the shower phenomena does not facilitate accurate 
leprojection to the shower origin, and the showers emerge from the bottom 
of the WasB box, 2 cm. from the bottom of the lead plate. Thus there can 
be no precise comparison between the calculated number of showers which 
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are bo oblique that the inooiumg mesotron is not photographed and the 
observed number. We estimste that if such non*casoade prooesseB ooeur, 
they contribute less than 1 % to the totality of showers observed in the 
tail of the transition ciuve for lead. 

(c) The search for single secondary partidea 

A similar experiment, using a counter in the chamber, has been made 
to search for single particles originating in the lead across the chamber, 
produced by non-ionizing particles. In this case the shower set below the 
chamber was replaced by two counters one above the other, so that 
triple vertical coincidences were recorded (fig. Ic). The experiment was 
carried out with 10 cm. of lead over the chamber, to prevent the formation 
of pairs in the plate, by photons incident from the air. As seen from the 
data of Table I we have observed 500 traversals of the lead plate by single 
mesotrons, but there is no indication of the creation of single particles. 

The yield of tracks per photograph with such an arraingement, employing 
a counter in the chamber, was 86 % compared with 23 % when all three 
counters were placed vertically beneath the chamber. 

For such transformations involving the production of single charged 
secondaries, the mean-firee-path of a neutretto in lead shordd be of the 
order of 6 cm. (Arley and Heitler 1938). If this estimate is correct, then it 
is clear that the number of neutrettos in cosmic radiation at sea level most 
be very much smaller than the number of mesotrons, for we have photo¬ 
graphed the traversal of 2 cm. of lead by 600 particles, which is equivalent 
to 10 m. of lead, and the process has not been observed. 

(d) Discussion 

The above experiments give no evidence that multiple processes occur 
with an appreciable probability, or that any non-ionizing particles, more 
penetrating than photons, are present in cosmic radiation at sea level. 

A considerable number of existing experiments have been interpreted 
as showing the presence of penetrating particles in showers; and as evidence 
for the neutretto. The majority of these experiments are capable of alter¬ 
native interpretation however. For example, J&nossy (1938) has shown 
that the results of Schmeiser and Bothe (1938) may be interpreted in 
terms of energetic-electron cascade showers; and recent counter experiments 
by Bossi and Jinossy* do not indicate the presence of an appreciable 
number of non-ionizing particles. This is in contradiction to ^e results 
of Maass (1936), Hsiung (1934) and Shonka (1939). The showers obtained 
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in a deep mine by Bamdthy and Forr 6 ( 1937 ), originally attributed to 
nonHoniscing particles, can be alternatively explained as knock-on showers; 
while the majority of the remaining evidence for the existence of a neutral 
penetrating particle has been withdrawn (e.g. Wilson, V. C. 1938 , 1939 ). 

Thus it seems clear that the contribution of multiple processes to the 
showers observed in the tail of the transition curve at sea level is in¬ 
significant. 


10. CONCLtTSIONS 

From the analysis of §§ 4-5, it appears that the showers observed in these 
experiments, under 10 cm. or more of lead, may be regarded as showers 
produced by an electron which has been knocked-on in a direct collision 
by a mesotron. The experiment gives no direct information about the 
occurrence of cascade showers associated with the mesotron through other 
processes, but it is unnecessary to assume other processes of appreciable 
cross-section in order to account for the observations- 

There is no evidence for the occurrence of groups of penetrating particles 
in the showers, although if only two or three j^netrating particles were 
associated in a large electronic shower, they would be unlikely to be 
detected, owing to the density of tracks on the photograph. 

The author is indebted to Professor P. M. S. Blackett for providing 
facilities for the work, and to Dr Hu Chien Shan who originally constructed 
the cloud chamber in 1937 at Birkbeck College, London. 


StTMMAEY 

A counter controlled cloud chamber has been used to investigate cosmic 
ray showers xmder thick layers of lead. 5000 photographs, containing 463 
electronic showers of not less than 5 particles, have been taken in a 
magnetic field of 750 G. 

An analysis of the evidence and j^robabilities for various possible pro¬ 
cesses of shower production is carried out, and it is shown that the showers 
observed can be accounted for as cascade showers, produced by an electron 
which has been knocked-on in a direct collision with a mesotron. It is 
unnecessary to assume the occurrence of other processes of appreciable 
cross-seotion. 

Due to the influence of the incident energy spectrum of mesotrons, the 
majority of lai^ showers are produced as fluctuations, and in general, the 
lowest mesotron energy which is able to produce a shower of N particles 
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is only slightly lower than the most probable emngy for the produotiafn of 
such a shower. 

A search has been made to find showers, or single secondary particles, 
produced by neutral particles in cosmic radiation, with negative results. 
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1 ’Om the bast^ of tho ebambor. Magnetic from tho chamber wall, undergoing furtlutr 
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